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OUTLINE 
Fats, oils and greases (FOG) in wastewater create problems including the blocked of 
sewage system and may interfere with the proper operation of wastewater treatment plants. 
The traditional treatment for waste prior to discharge into the public sewage system is a 
grease trap device. However, both the physical gravity separation and biological treatment 
grease trap do not give a perfect solution for FOG treatment. An alternative needs to be 
invented to tackle this unsolved problem. The purpose of this thesis is to invent grease trap 
treatment method with special emphasis on pro-ecological aspect, practicality, safety, and 
effectiveness. The most promising AOPs are the hybrid techniques such as sonication 
simultaneously with ozone (US/O3) or other gases bubbles. It is economically more 
attractive than the single treatment method for wastewater treatment on the industrial scale. 
This study focused on FOG removal from a grease trap using the hybrid AOPs. Fatty 
acids (linoleic, oleic, stearic and palmitic acids) were used as representative standards of 
FOG. The studies were conducted experimentally in various reactors (round-bottom flask 
and tubular glass reactors) under various operational conditions, especially immersion 
level of the ultrasound probe into the liquid and simultaneous bubbling of various gases 
(Ar, O2, air, O3) during ultrasound irradiation. The results of optimization of treatment 
process demonstrate the importance of many parameters (i.e. ultrasound frequency, 
ultrasound amplitude, temperature process, immersion level of the ultrasound probe into 
the liquid, type of bubbling gas) for the FOG contaminants degradation. Treatment results 
of fatty acids were analyzed by GCMS.  
The final goal of this thesis was to develop a new alternative solution for wastewater 
treatment with special emphasis on free fatty acids. However, the effect of contaminants 
degradation is strictly depending on contaminants properties. The treatment by sonication 
simultaneously with argon is more efficacies than sonication simultaneously with ozone 
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for saturated fatty acids (compounds resistant to oxidation), while sonication 
simultaneously with ozone is highly effective for unsaturated fatty acids decomposition 
(highly oxidative compounds). New grease trap device, based on US/Ar treatment method, 
as a single-unit-treatment it can be use in the household wastewater treatment application 
or in the industry where wastewater contain high concentration of hydrophobic 
contaminants. In other case it is should be combine with grease trap based on gravity 
separation or biological treatment method, as a pretreatment unit or after treatment unit 
which is can be used in case of grease trap over-flow during “busy hours” in restaurant and 
food processing industry plants. Moreover, as a single-unit-treatment with medium 
wastewater flow (which contain high concentration of easy-oxidizing contaminants) it is 
can be use with ozonation treatment by placed additional gas filter in reaction chamber. 
The new grease trap device is under patent proposal. 
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SYMBOLS 
A absorbance 
AOPs advanced oxidation processes 
b path length of the spectrophotometer 
     or CI concentration of triiodide ion 
CO3(aq.) ozone concentration in liquid phase 
CO3(aq.) (O3) ozone concentration in liquid phase under ozonation only  
CO3(aq.) (US/O3) ozone concentration in liquid phase under sonication and ozonation 
CO3(g) ozone concentration in gas phase 
inCO3(g) ozone concentration in gas phase on the inlet of reaction system 
outCO3(g) ozone mass in gas phase flowed out reaction system (outlet) 
totalCO3(g) total ozone mass in gas phase flowed into reaction system (inlet) 
Cp heat capacity of water 
Cp/Cv ratio of heat capacity at constant pressure to heat capacity at constant volume 
ΔCO3(g)(O3) ozone consumption under ozonation only 
ΔCO3(g)(US/O3) ozone consumption under sonication and ozonation 
ΔCO3(g)(US/O3)F.A. ozone consumption under sonication and ozonation treatment process 
ΔmF.A.(US/O3) fatty acids mass degradation under sonication and ozonation treatment process 
DDT electrical power density (delivered to transducer) 
DUS ultrasound power density (dissipated into the liquid) 
EDT or PDT energy (or power) delivered to transducer 
EUS or PUS ultrasound energy (or power) dissipated into the liquid 
Ecav. energy of the cavitating bubbles (cavities) 
Ephys. sonophysical energy 
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Echem. sonochemical energy 
Eeff. energy spend on desired effect (e.g. fatty acids degradation) 
ε molar absorption coefficient 
ηP energy efficiency 
ηtot. total efficiency of sonication process 
FAME fat acid methyl esters 
FOG fats, oils and greases 
GCMS gas chromatography with mass spectrometry 
m mass of the water 
OE oxidation efficiency 
(
3
P) atomic oxygen in the ground state 
PO3G ozone generator average discharged-consumed power 
Ø diameter 
RH contaminants 
S ozone solubility ratio 
SCL sonochemiluminescence 
T temperature 
t time 
US ultrasound irradiation (sonication process) 
V volume 
ζ ultrasound amplitude 
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1. INTRODUCTION 
1.1. Background 
Fats, oils and greases (FOG) in wastewater create problems including the blocked of 
sewage system and may interfere with the proper operation of wastewater treatment plants. 
A wide variety of industries, such as the restaurant trade
 (1)
, the dairy industry
 (2)
 and food 
processing
 (3)
 produce effluents rich in FOG. Fats often solidify causing pipes and sewage 
system to become blocked (see Figure 1.1)
 (4).
 Recent studies discovered that saponification 
reaction between free fatty acids and metal ions are a response of FOG deposit formation 
on the wall sewer pipes
 (5).
 High concentration of these compounds in wastewater may also 
causes a major problem in biological wastewater treatment processes in the wastewater 
treatment plant. Lipids can form oil films on the surface of activated sludge flocs, 
preventing from the diffusion of oxygen and causing problems in the pumping and aeration 
systems combined with development of filamentous microorganisms
 (6)
. Moreover, FOG 
not properly treated by wastewater treatment plants may enter rivers and oceans with 
potentially detrimental environmental impacts
 (7).
 
 
Figure 1.1. Blocked sewer (left), blocked and clean pipe (right). 
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1.2. Free Fatty Acids as Model FOG 
Fats and oils are essentially triacylglycerols consisting of straight chain fatty acids 
attached, as esters to glycerol (see Figure 1.2). Fatty acids can differ in chain length, may 
be saturated and unsaturated and may contain an odd or even number of carbon atoms. 
When they are not attached to other molecules, they are known as "free" fatty acids. The 
term ‘grease’ includes fats, oils, waxes and other related constituents found in wastewater. 
However, in this study the term ‘FOG’ was used to represent, collectively, the vegetable 
and animal fats, which could be associated with the wastewater from drainage system in 
the kitchen. 
 
Figure 1.2. Mixed triacylglycerol (glycerol with stearic, linoleic and palmitic acids) 
(drawing by using ACD/ChemSketch Freeware). 
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In this study, as model FOG were used the most common long-chain free fatty acids: 
palmitic, stearic, oleic and linoleic (Table 1.1).  Stearic and palmitic acids are straight long 
carbon chain saturated fatty acids (Figure 1.3). Saturated fatty acids have no double bonds 
between the individual carbon atoms of the fatty acid chain. That is, the chain of carbon 
atoms is fully "saturated" with hydrogen atoms. An unsaturated is a fatty acid in which 
there is at least one double bond within the fatty acid chain. A molecule is 
monounsaturated if it contains one double bond (oleic acid) and polyunsaturated if it 
contains more than one double bond (linoleic acid). Where double bonds are formed, 
hydrogen atoms are eliminated.  
Table 1.1. Free fatty acids. 
 
As the Figure 1.3 shows the space-filling models of fatty acids, the shape of unsaturated 
fatty acids are kinked and saturated fatty acids are straight. Thus, oleic and linoleic acids 
are liquid at room temperature (it solidifies below 13 and -5 °C, respectively) and the kink–
shape of molecules cause the double carbon-carbon bonds highly reactive place. The 
straighter the molecule, the easier it is to pack densely in a solid. The saturated stearic and 
palmitic acids are a solid those melt at even higher temperature, over the melting points 
(Table 1.1). Fatty acids molecules have simultaneously both hydrophilic and hydrophobic 
characteristics (amphiphilic molecules), with a polar head, interacting favorably with water, 
and a non-polar tail which escapes the contact with water (Figure 1.3). Fatty acids, bearing 
very long chains of carbon atoms (alkyl chains) and form surface films on water: the polar 
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acid group of each molecule is in the water phase, while the long non-polar alkyl chain 
escapes the aqueous phase, and protrudes in the air above the liquid surface. Upon entering 
water, amphiphilic molecules avoid the contact of the non-polar regions with the solvent 
by forming "micelles", namely aggregates of molecules (micro drops). In micelles, non-
polar chains point towards the interior, while the polar, hydrophilic or charged, heads stay 
on the surface, interacting with water. Hydrophobic interactions determine the favorable 
association of the hydrocarbon, non-polar tails in the interior of the micelle. The shape of 
the formed structures and the number of molecules in the micelle (micro drops size) 
depends on the kind of interacting on the molecules (e.g. ultrasound microstreaming and 
shock waves during homogenization by sonication process).  
 
 
Figure 1.3. Fatty acids properties (drawing by using ACD/ChemSketch Freeware). 
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1.3. Grease Trap 
 
Figure 1.4. Grease trap – general schema. 
  
Figure 1.5. Type of grease traps: left – physical gravity separation with automatic 
collection system, right - application of microbial cultures and enzymes. 
The traditional treatment for waste prior to discharge into the public sewage system is a 
grease trap that causes separation of the floatable and settleable materials (see Figure 1.4). 
There are two primary types of grease trap. More common is the conventional grease trap 
based on physically gravity separation (Figure 1.5). The FOG is collected manually or 
automatically after separation in grease traps and recycling into bio-diesel or open dumped 
with solid waste
 (1).
 It is confirmed that a conventional grease trap is not effective in 
separating oil droplets less than 10 µm diameter in fine oil/water dispersion
 (8)
. 
Furthermore, wastewater containing surfactants that emulsify free oils and they cannot be 
separated in grease trap except oil droplets greater than 20 µm diameter
 (9)
. Nevertheless, 
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investigations under performance of conventional grease trap are still a subject of scientific 
study
 (10; 11)
. The second type is grease trap with biological treatment of FOG, based on 
application of microbial cultures and enzymes (Figure 1.5). The initial attack on FOG by 
microorganisms is the ester bonds by enzymes (lipases) which remove the fatty acids from 
glycerol molecules of the triglycerides. The main pathway for the oxidation of fatty acids 
involves repetition of a sequence of reactions, which results in the removal of two carbon 
atoms as acetylo-CoA with each repetition of the sequence: beta-oxidation, such as is it in 
the digestive system. Results of FOG removal are satisfactory
 (12)
 but the biodegradation 
rate of microbes is time dependent. Nevertheless, biological treatment is the best method if 
a large space is available and the investment timeframe is sufficiently long as well
 (13).
 
However, both the physical gravity separation and biological treatment grease trap do not 
give a perfect solution for FOG treatment. An alternative needs to be invented to tackle this 
unsolved problem. 
1.4. Purpose of this Thesis 
As was described in previous paragraph that was based on the state of the art, it was 
highly recommended to improve FOG treatment methods. The purpose of this thesis is to 
invent grease trap treatment method with special emphasis on: 
 Pro-ecological aspect 
Microbes, bacteria, enzymes or humic acids and other chemicals have been widely 
used in the biological treatment methods. Using biological and chemical substances 
may be harmful to our environment and to human health. More ecological-friendly 
method needs to be invented. 
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 Practicality 
As a matter of fact, most restaurant operators (especially in the big cities) run their 
business in commercial buildings where it is impossible to have a large space for 
installation of traditional biological or gravity separation treatment devices. Secondly, 
all common grease traps are very difficult to keep in sterility state (especially in 
countries with hot climates) and must be cleaned periodically (Figure 1.6). In present 
busy life style, especially in business area, we need much more convenient FOG 
treatment methods, which can to be ensured that grease trap system works 
satisfactorily to save our precious time and money. 
 Safety 
Poorly maintained grease trap treatment systems can produce odors, toxic treatment 
degradation products and unsafe sanitary conditions. Especially grease trap based on 
biological/chemical treatment methods must be under close continuously surveillance. 
To invent the grease trap which regular inspection is not required, will ensure a safe 
and healthy working environment for human 
 Effectiveness 
Most of biological and gravity separation grease traps are already working with high 
efficiency of FOG treatment. To invent alternative method with similar high efficiency 
is a challenge of this thesis! 
 
Figure 1.6. “A dirty job” - grease trap cleaning. 
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Advanced oxidation processes (AOPs) are highly promising for the treatment of such 
contaminated water-effluent systems without generating any sludge and solid material with 
hazardous character. The destruction or mineralization of organic compounds by these 
processes is based on the oxidative degradation by free radicals attack, especially by the 
hydroxyl radicals, which is the most powerful oxidizing agent in commonly known 
oxidants
 (14)
. 
The most common and efficient AOPs applied in wastewater treatment is ozonation
 (15)
. 
The remaining ozone after ozone treatment returns naturally to oxygen; so secondary 
environmental pollution does not occur. Hence, ozonation is a pro-ecological treatment 
method. However, previous studies showed that only using ozone bubbling is not sufficient 
to eliminate the FOG, because of the ineffective reaction of ozone (and derivative radicals) 
and the FOG
 (16)
. The hydrophobic character of the FOG causes them to be immiscible into 
the water medium. Hence, the FOG is solid large particles or oily upper layer in the water 
and so reactions can only occur on the surface of the large particles or oil-water layer 
interface. Moreover, these FOG particles have a high tendency to stick on the reaction 
chamber wall, which reduces the reaction area still further. The most important point of 
this case is non-reactive ozone properties with single carbon-carbon bonds of the long 
carbon chain, in particular with the saturated fatty acids
 (17; 18)
. However, ozone can be use 
as a source of free radicals (e.g. *OH) which can react directly with single carbon-carbon 
bond of the carbon chain. 
The next common AOP is sonication. Various studies and patents have addressed the 
sonication removal methods of oil-in-water colloidal suspension of wastewater, based on 
separation of FOG phase from water phase due to hydrophobic character of FOG 
(19; 20; 21; 
22)
. The best removal method is sonoelectrocoagulation, based on sonication simultaneous 
with electrolysis, which give 100 % removing of FOG from grease trap 
(23)
. However, 
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while a large number of studies have referred to sonication removal methods, few studies 
have been done on the evaluation of sonication grease trap treatment based on FOG 
degradation method and lack of data
 (24)
.  
The most promising AOPs are the hybrid techniques such as sonication simultaneously 
with ozone (US/O3)
 (25; 26; 27)
 or other gases bubbles
 (28)
. It is economically more attractive 
than the single treatment method for wastewater treatment on the industrial scale
 (29)
. The 
hybrid AOPs work on the principle of generation of free radicals and the subsequent attack 
of same or the direct attack of the oxidants on the contaminant molecules and are mainly 
applicable to bio-refractory molecules (such as saturated fatty acids) with an aim to either 
completely mineralize the contaminants or to convert it into less harmful or lower carbon 
chain compounds which can be then treated biologically in the wastewater treatment plant.  
The efficacy of process depends strongly on the rate of generation of the free radicals along 
with the extent of contact of the generated radicals with the contaminant molecules and the 
efficient design should aim at maximizing both these quantities
 (27)
. 
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2. FIRST ATTEMPT FOR GREASE TRAP PURIFICATION BY 
SONICATION SIMULTANEOUSLY WITH GAS BUBBLES 
2.1. Introduction 
The purpose of this study was to investigate the electrical energy for the environmental 
applications using AOPs (advanced oxidation processes) combined with ozonation and 
sonication to remove the FOG (fats, oils and greases) from wastewater of the sewage 
system. This study focused on FOG removal from a grease trap using the hybrid AOPs. 
Fatty acids (linoleic, oleic, stearic and palmitic acids) were used as representative standards 
of FOG. The studies were conducted experimentally in a glass reactor under various 
operational conditions: sonication only, sonication simultaneously with air bubbles and 
sonication simultaneously with ozone bubbles. Fatty acids concentrations were measured 
by GC/MS. The oxidation efficiency using the combination of the ozonation, air saturation 
and sonication was determined by the KI dosimetry method and the calorimetry method. 
The local reaction ﬁeld of the high temperature and high pressure, so-called hot spot, was 
generated by the quasi-adiabatic collapse of bubbles produced in the water under 
sonication, which is called cavitation phenomenon. Mixing the ozone or air bubbles into 
the water under acoustic cavitation, the formation of OH radicals increased. The 
mechanical effect of acoustic cavitation such as microstreaming and shock waves have an 
influence on the probability of reactions of ozone and radicals with fatty acids, by increase 
of fatty acids surface area.  
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2.1.1. Sonication 
 
Figure 2.1. Process of acoustic cavitation
 (30)
. 
The ultrasonic power supply converts 50/60 Hz voltage to high frequency electrical 
energy. This alternating voltage is applied to disc-shaped ceramic piezoelectric crystals 
within the transducer and they are caused to expand and contract with each change of 
polarity. These longitudinal vibrations are amplified by the probe and transmitted into the 
liquid as alternating high and low pressure ultrasonic waves. The pressure fluctuation pulls 
the liquid molecules and keeps apart creating millions of micro-bubbles (cavities), which 
expand during the low pressure phases and implode violently during the high pressure 
phases. Physical explanation of cavitational collapse of bubbles is “hot spot theory”, which 
suggests that the collapse is so rapid that the compression of the gas and vapour inside the 
bubble is adiabatic. Consequently, the temperatures and pressures within a collapsing 
microbubble can reach values as high as 5000 °C and 2000 atm (Figure 2.1).  
16 
 
 
Figure 2.2. Chemistry under extreme condition - the interaction of energy and matter
 (31)
. 
The “hot spot” generated by the rapid collapse of acoustic cavities is very short lived ( < 10 
µs) and this implies the existence of extremely high heating and cooling rates in the 
vicinities of 10
10
 K/s
 (32)
. 
The very unique and extreme conditions generated by ultrasound waves (noted here by 
the symbol “)))” ) in liquid medium promote not only the oxidative destruction of 
contaminants via free radical reactions but also provide an excellent medium for their 
thermal decomposition (pyrolysis) in the gas phase
 (33)
: 
H2O + ))) → 
*
H + 
*
OH        (1) 
Contaminants + 
*
OH + ))) → Degradation products    (2) 
However, what makes ultrasonic energy so special and different compared to other types 
of energy? In the Figure 2.2, the three axes represent duration of the interaction, pressure, 
and energy per molecule. The labeled “islands” represent the nature of the interaction of 
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energy and matter in various different kinds of chemistry. Ultrasonic irradiation differs 
from traditional energy sources (such as heat, light, or ionizing radiation) in duration, 
pressure, and energy per molecule. Because of the immense temperatures and pressures 
and the extraordinary heating and cooling rates generated by cavitation bubble collapse, 
ultrasound provides an unusual mechanism for generating high-energy chemistry. As in 
photochemistry, very large amounts of energy are introduced in a short period of time, but 
it is thermally rather than electric excitation. High thermal temperatures are reached. 
Furthermore, sonochemistry has a high-pressure component, which suggests that it might 
be possible to produce on a microscopic scale the same large-scale conditions produced 
during explosions or by shock waves (a shock wave is a compressional wave formed 
whenever the speed of a body or fluid relative to a medium exceeds that at which the 
medium can transmit sound). 
2.1.2. Influence of Ultrasound Frequency 
In water solution, organic pollutants may be destroyed by the combined effects of 
pyrolytic decomposition and hydroxylation, or in the solution bulk via oxidative 
degradation by hydroxyl radicals and hydrogen peroxide. Hydrophobic chemicals such as 
fatty acids have a strong tendency to diffuse into the gaseous bubble interior and the most 
effective site for their destruction is the bubble-liquid interface and/or the bubble itself
 (32)
. 
The resonance radius of a bubble excited by low frequency waves (20 kHz) (Figure 2.4) is 
reported to be ~170 µm and the cavities entrapping bubbles are to be “stable” or long lived 
with the average life time of ~10 µs
 (34)
. In this kind of cavitation growth and collapse are 
delayed. Hence, low frequency ultrasound is expected to induce destructive effects, in 
particularly for hydrophobic contaminants, which easily diffuse into the cavity bubbles to 
undergo pyrolytic destruction inside the collapsing bubble, or hydroxylation and thermal 
18 
 
decomposition at its interfacial sheath where pressure gradients and temperatures are still 
high enough to induce thermal effects (Figure 2.3). 
On the other hand, low frequency is insufficient for free radicals generation, compare to 
high range frequency (300 – 1000 kHz) (35) (Figure 2.4). Hence, despite the fact that low 
frequency has the best effect of pyrolytical and thermal hydrophobic contaminant 
degradation, it is advised to increase free radicals generation at low frequency, by 
delivering other potential sources of radicals, such as air and ozone, by simultaneously 
bubbling during sonication process, such as carried out in this work.  
 
Figure 2.3. Acoustic cavitation in water solution contains hydrophobic contaminants. 
 
Figure 2.4. The frequency ranges of sound. 
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2.1.3.  Simultaneously Ozone and Air Bubbling 
When water is ozonated or saturated by air simultaneously with ultrasound irradiation, 
both the ozone and oxygen undergo the thermal decomposition in collapsing bubbles and 
provides additional *OH radicals: 
O3 + ))) → O2 + O(
3
P)         (2.1) 
O2 + ))) → 2 O(
3
P)         (2.2) 
O(
3
P) + H2O + ))) → 2 
*
OH        (2.3) 
where, (
3
P) - atomic oxygen in the ground state is a triplet with two unpaired electrons in 
the 2p orbitals. These decomposition reactions occur in the gas phase. The reaction 
products can migrate to the interfacial sheath of the bubble where they subsequently react 
in the bubble-liquid interface or the aqueous phase
 (28)
. 
2.1.4. Hybrid US/O3 Applications in Wastewater Treatment 
Comparatively, the use of ozone in combination with ultrasonic irradiation has been 
studied extensively. Dahl
 (36)
 was the first person to report that the combination of 
ultrasound and ozone was more effective in bacterial disinfection due to enhanced 
decomposition of ozone resulting in availability of nascent O at higher rates. The hybrid 
method (US/O3) can be use as a preventive method after biological treatment method. 
Follow the literature data
 (37)
, ultrasonic irradiation in the presence of ozone is an effective 
for the rapid oxidation of oxalic acid, bioxalate and oxalate in aqueous solution to CO2 and 
water. The compounds mentioned above, are produced during degradation of humic 
substances, natural organic matter and oxidation of aromatic compounds, which take place 
in the biological treatment methods. The degradation of fulvic acid (as a representative of 
natural organic matter) under the combined effect of low frequency ultrasonic irradiation 
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and ozonation was studied by monitoring the time rate of change in total organic carbon 
content of the solution during contact
 (38)
. The combination was reported to provide a 
significant advantage as total mineralization of organic carbon, which could be achieved 
neither by ozone nor by ultrasound alone. It was concluded that the ultrasound/ozone 
process extends the application of sonochemical techniques to the catalysis of advanced 
oxidation processes for the removal of refractory organic electrolytes in natural water. 
Kang and Hoffmann
 (39)
 studied the kinetics and mechanism of sonolytic destruction of 
methyl tert-butyl ether (MTBE) under the effect of ozone gas and ultrasonic irradiation. 
They reported that ozone accelerates the first-order degradation rate of MTBE by sonolysis 
at decreasing initial concentrations of the compound. They also observed that the presence 
of carbonate and bicarbonate ions in solution as potential competitive reagents for 
hydroxyl radicals did not lower the rate of MTBE degradation, concluding that the 
degradation occurred at the interface of the cavitation bubble, not in the liquid bulk. 
To summarize, hybrid treatment method US/O3 has been widely used for the destruction 
variety of aqueous contaminants such as trinintrololuene (TNT), cyclotrimethylene-
trinitramine (RDX), humic substances, 4-nitrophenol cyclohexane, nitrobenzene, 4-
chlorophenol, pentachlorophenol, textile dyes, tetraphenyl porphine tetrasulfonic acid, etc
 
(40)
. However, the contaminants degradation mechanism in the aqueous solution (radicals 
mechanism, oxidative or pyrolytic degradation) is strictly depend on contaminants 
properties (hydrophobic or hydrophilic character, resistant or non-resistant to oxidation 
and/or hydrolysis).  
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2.2. Materials and Experimental Setup 
Two saturated fatty acids (palmitic acid, stearic acid) and two unsaturated fatty acids 
(oleic acid, linoleic acid) were used in this study (see Table 1.1). All fatty acids were 
purchased from Wako Pure Chemical Industries (Japan). 0.1 M potassium iodide (KI) 
aqueous solution was purchased from Kanto Chemical (Japan). Derivatization agent 
hydrogen chloride – methanol (1.4 N, HCl: 5~10 %) was purchased from Tokyo Chemical 
Industry (Japan). Analytical standards (F.A.M.E. mix RM-6 (Supelco) and nonadecanoic 
acid) and petroleum ether were purchased from Sigma Aldrich (USA). Purifed oxygen and 
nitrogen were purchased from Iwatani (Japan). Purified water (conductivity ≤ 0.1 mS/m) 
purchased from Takasugi-Seiyaku (Japan) was used for all experiments. 
Experimental setup was consisted of sonication system, ozonation system and reaction 
system (Figure 2.5). 
 
Figure 2.5. Photo of experimental setup and experimental schema. 
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2.2.1. Sonication System 
Sonication system was consisted of the Ultrasonic Processor VC-505 (Sonics, USA) 
and piezoelectric lead zirconate titanate crystals transducer (PZT) connected with titanium 
alloy (Ti-6Al-4V) probe with extender (Ø 1.3 cm) (Figure 2.6). The ultrasonic power 
supply converts 50/60 Hz voltage to high frequency electrical energy at constant value of 
20 kHz and controls the ultrasound amplitude ζ  at the probe. Electrical power delivered to 
the transducer PDT was measured by the Ultrasonic Processor and data were collected by 
Graphtec midi Logger GL200A. Air pump (Yasunaga, Japan) was used as a cooling 
device for transducer. 
 
Figure 2.6. Sonication system. 
2.2.2.  Ozonation System 
 
Figure 2.7. Ozone generator Sensui AS-500SS (Ohnit, Japan).  
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Figure 2.8. Ozonation system. 
Ozone was generated by dielectric-barrier discharge ozone generator Sensui AS-500SS 
(Ohnit, Japan) (Figure 2.7) from mixture gas (N2:O2 4:1 w/w) with flow 5 l/min controlled 
by digital mass flow controller (Yamatake CMQ, Japan) under atmospheric pressure. The 
ozone gas concentration was measured by ozone UV monitors (Ebara Jitsugyo, EG-3000 
and Model-600 G6SHE-T, Japan connected with Graphtec Midi Logger GL200A for 
collecting data) on the inlet and outlet of reaction system. Residual ozone was decomposed 
by the ozone destructor (activated carbon) (see Figure 2.8). 
2.2.3. Ozone Generator Characteristic 
The ozone generator average discharged-consumed power PO3G was measured for 100% 
of duty cycle level and was calculated for each duty cycle levels (Table 2.1). The voltage 
applied to the electrodes was measured via a high voltage probe (Tektronix P6015A, 
1000:1, USA). The discharge charge was measured with a 0.236 µF capacitor connected 
between the ground electrode and the ground. The voltage and charge waveforms and the 
Lissajous figure were recorded by oscilloscope LeCroy 64X (Wave Runner, USA). 
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Table 2.1. Ozone generator characteristic. 
Level Duty cycle ratio [%] PO3G [W] 
5 100 12.8 
4 50 6.4 
3 23 2.9 
2 13 1.7 
1 6 0.8 
 
Both the outer and inner diameters of the ozone generator tube are 18 mm and 16.2 mm 
respectively. The inner wire spiral electrode (high voltage applied) whose diameter is 0.5 
mm has ten turns and the gap distance between this spiral electrode and the inner surface of 
the ozone generator is 0.4 - 0.5 mm. The length of the outer electrode (ground electrode) 
coated on the ozone generator tube is 80 mm. The thermal radiation fins for cooling are 
attached on the outer electrode of the ozone generator. 
ultrasonic 
probe
gas inlet
temperature
probe
gas outlet
condenser
silicon tube
glass flask
 
Figure 2.9. Reaction system setup. 
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2.2.4. Reaction System 
Reaction system shown in Figure 2.9 was made up of three-neck angled round-bottom 
glass flask (0.2 l) batch reactor. In the central neck of the flask, the ultrasonic probe 
connected with flask by silicon tube was placed. Ultrasonic probe was immersed 2.5 cm 
into a sample and 1.5 cm from the middle of bottom flask. In the side neck of the flask the 
gas inlet (teflon pipe) and temperature probe (K type thermocouple connected with 
Graphtec midi Logger GL200A for collecting data) was installed. Thermocouple probe was 
immersed at the half height of the sample. Air bubbles and ozone bubbles were generated 
by teflon pipe (in Ø 0.1 cm) with constant flow velocity of 1.5 l/min in the middle of 
bottom flask. The gas outlet was introduced from the top of silicon tube through the 
condenser and finally to ozone monitor. Water in the condenser was kept at 5 °C by Eyela 
Coolace CCA-1100 (Tokyo Rikakikai, Japan), which removed vapor from the gas phase. In 
experiments with other gases than ozone, sonication system with ozone generator turned 
off was used. 
2.3. Measurement Methods 
Standard methods (KI dosimetry and calorimetry
 (41)
) to calibrate oxidation efficiency 
of reaction system were used. 
2.3.1. KI Dosimetry 
The KI dosimetry method is one of the measurement methods of *OH radicals by 
calculation of triiodide ion concentration      . When ultrasound is irradiated into an 
aqueous KI solution, I− ions are oxidized to give I2. When excess I− ions are present in 
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solution, I2 reacts with the excess I− ions to form I3
− ion: 
*
OH + I
-
 → OH- + I        (2.4) 
I + I
-
 → I2
-         (2.5) 
2I2
-→ I2 + 2I
-         (2.6) 
I2 + I
-→ I3
-         (2.7) 
Hydroxyl radicals are considered to be the main oxidizing species generated during the 
sonolysis of aqueous solution. Nevertheless, when KI solution is under ultrasound 
irradiation simultaneously with ozonation, the pathway of I2
 
creation is determined by the 
following directly ozone reaction: 
O3 + 2I
-
 + H2O → O2 + OH
-
 + I2       (2.8) 
Concentration of KI was 0.1 mol/l. The absorbance A of I3
− ion was measured at 355 nm  
by using spectrophotometer Hach DR/4000U (USA) (Figure 2.10) and concentration of 
triiodide ion      (mol/l) was calculated by the following equation. 
    =
𝐴
𝜀𝑏
          (2.9) 
where A is an absorbance of I3
−, ɛ is a molar absorption coefficient of I3
− ion (26.303 l/mol 
cm) and b is path length of the spectrophotometer (measurement cell b = 1 cm). 
  
Figure 2.10. Spectrophotometer. 
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2.3.2. Calorimetry Method 
The ultrasonic power dissipated into liquid PUS (W) was calculated by the following 
equation: 
   =    
  
  
          (2.10) 
where, m is the mass of water (g), Cp is the heat capacity of water (4.2 J/g K), 
  
  
 is the 
temperature slope of water per unit of sonication time (K/s). In this work, the sample 
volume was 0.1 l. The initial temperature was measured using a thermocouple (K type) and 
the average value was 20 ± 0.5 °C. An error in the power measurement was estimated to be 
less than 5 %. To convert PUS and PDT to power density D (J/l), the power was divided by 
the sample volume V (l) and multiplied by sonication time t (s): 
   =
   
 
           (2.11) 
   =
   
 
          (2.12) 
The energy efficiency ηP was calculated from ultrasonic power density dissipated into 
liquid DUS and electrical power density delivered to the transducer DDT, it is shown by the 
following equation. 
η
 
=
   
   
           (2.13) 
The oxidation efficiency OE (mol/J) was evaluated by the concentration of triiodide ion 
     divided by the ultrasonic power density DUS: 
  =
   
 
   
          (2.14) 
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The total efficiency of sonication process ηtot. (mol/J) was described by the following 
equation: 
     =
  
   
         (2.15) 
2.3.3. Sample Preparation 
Samples were prepared in 0.1 l purified water by adding about 0.5 g of fatty acid, which 
is adequate concentration of the FOG in the wastewater from the restaurant cooking area
 
(11; 13)
. Every fatty acid (stearic, palmitic, oleic, linoleic) was prepared separately and 
mixture sample was prepared by adding ≈ 0.125 g each fatty acid. Treatment procedure 
was carried out under three different conditions: 
- Sonication only 
- Sonication simultaneously with air bubbles 
- Sonication simultaneously with ozone bubbles. 
Treatment time was 30 min for each procedure. Temperature was measured by 
thermocouple (K type).  
2.3.4. GC/MS Analysis 
After each treatment procedures, 0.5 ml samples were collected immediately in 4 ml 
vials and stored under -20 °C until GCMS analysis. Before GCMS analysis, the fatty acids 
were converted to the simplest convenient volatile derivative fat acid methyl esters 
(FAME). Procedure was made by preparing three samples of standard FAME (2 ml of 1 
mg/ml mix RM-6) and adding 50 µg of internal standard (nonadecanoic acid) to every 
sample. Water was removed from the samples by centrifugal evaporator at 50 °C for 2.5 
hours. Residual water was removed in vacuum desiccators with P2O5 for 1 hour. Directly 
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afterwards, 500 µl derivatives agent of hydrogen chloride – methanol (HCl: 5~10 %) was 
added, after it was purged with N2 and closed tightly. Derivatization process was carried 
out at 100 °C in the block heater for 3 hours. After that, 1.5 ml petroleum ether was added, 
being extracted by a vortex mixer for 5 minutes and centrifuge for 10 minutes. The upper 
layer was collected and stored at -30 °C until GC/MS analysis. 
Qualitative and quantitative analysis of fatty acids were carried out by the gas 
chromatography mass spectrometry GCMS-QP2010 Plus (Shimadzu, Japan) with electron-
ionization detector (Figure 2.11). The column was 30 m long with film thickness 0.25 µm 
× 0.25 mm in diameter (DB-Wax, Agilent Technologies J&W, USA). Helium gas was 
used as the carrier gas at 40 cm/sec, measured at 50 °C. Splitness injection (splitness 
duration 45 s, ratio 20-50:1) was carried out with an injector temperature of 250 °C. The 
temperature programming for the column was applied as follows, 50 °C for 2 min, then to 
250 °C at 10 °C/min and hold at 250 °C for 8 minutes.  
Every treatment procedure was repeated and analyzed for three times and average 
percent of fatty acids mass degradation rate was estimated by compare results to the zero 
samples. 
 
Figure 2.11. GC/MS. 
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2.4. Sonication Efficiency Characteristic 
Reaction system characteristic was obtained by the oxidation efficiency OE (mol/J) and 
estimation obtained from the calorimetry and dosimetry method, this is summarized in 
Table 2.2. Four treatment procedures (i.e. sonication, sonication with air bubbles, 
sonication with ozone bubbles and ozone bubbles only) were investigated in the KI aquatic 
solution. Reaction system parameters such as reaction chamber (shape, size and material), 
position of temperature probe, immersion of ultrasonic probe, sample volume, position of 
teflon pipe (bubbles generation point), bubbles flow velocity, amplitude of ultrasound and 
initial temperature were constant. All of these parameters influence on ultrasonic power 
dissipated into a liquid PUS. The change of condition of the ultrasonic probe surface is 
carried out to control the resistance of the vibration of the ultrasonic probe
 (41)
. The subject 
of this part of research was to investigate the oxidation efficiency and total efficiency of 
reaction system (Figure 2.9) and the influence of air and ozone bubbles on this efficiency 
after 30 minutes. 
Table 2.2. Efficiency of reaction system. 
Samples 
(procedures) 
PO3G 
(W) 
PDT 
(W) 
PUS 
(W) 
D 
(J/l) 
ηP A 
     
(mmol/l) 
OE 
x10
-8
  
(mol/J) 
η
tot.
 
x10
-8
 
(mol/J) 
KI (US) - 55.6 16.8 302400 0.30 0.059 2.24 0.74 0.224 
KI (air + US) - 65.4 12.6 226800 0.19 0.075 2.85 1.26 0.242 
KI (O3 + US) 6.4 66.1 12.8 230400 0.19 2.139 81.32 35.30 6.835 
KI (O3) 6.4 - - - - 2.086 79.31 - - 
 
The electrical power consumption of ozone generator is 6.4 W (ozone concentration 350 
ppm at gas flow rate of 5 l/min and 50% duty cycle ratio of ozone generator) which is 
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much lower compared with that of ultrasound generator. Hence, this study includes the 
discussions about the energy consumption and energy transfer efficiency of ultrasound 
generator only. The ultrasonic power PUS under sonication process is 25% higher than PUS 
under sonication simultaneously with air or ozone bubbles. The bubbles dosage with flow 
velocity 1.5 l/min disturbs cavitation phenomena. The large size bubbles (~1 cm) contact 
with ultrasonic probe and changed local medium from liquid to gas. Hence, the resistance 
on the vibration of the ultrasonic probe is changed and this has an influence on the 
ultrasonic energy. Moreover, these large bubbles (which do not contact with the probe) 
flow up into the water and reduce the cavitation phenomena area. Due to this reduction, the 
cavitation bubbles with an adiabatic collapsing are limited to be generated with the result 
that the water temperature is reduced. Figure 2.12 shows the temperature difference under 
sonication and sonication simultaneously with bubbles. 
The Ultrasonic Processor is designed to deliver constant amplitude. As the resistance of the 
vibration of the probe increases, additional power PDT will be delivered by the power 
supply to ensure that excursion at the probe remains constant. Using more PDT , more 
power will not be delivered into the liquid PUS. Hence, it is the resistance of the vibration 
of the probe that determines how much power will be delivered into the sample. Hence, the 
energy transfer efficiency ηP under sonication simultaneously with bubbles is one-third 
lower than ηP under sonication only, even PDT under sonication simultaneously with 
bubbles is about 20% higher than under sonication only. 
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Figure 2.12. Change of water temperature under variety procedures. 
From the state of the art, sonication is an effective method for the production of *OH 
radicals
 (41)
. However, the hybrid AOPs are much more effective methods. Concentration of 
triiodide ion       was calculated by Eq. (2.9). As shown in Table 2.2, the production of 
*OH radicals increased slightly under sonication simultaneously with air bubbles. That is 
the confirmation of the mechanism for the production of *OH radicals from the oxygen in 
the air by the Eqs. (2.2) and (2.3). Similar mechanism should be present under sonication 
simultaneously with ozone bubbles by the Eqs. (2.1) and (2.3), but a high concentration of 
triiodide ion and 100 % ozone consumption will be established if the pathway of I2
 
creation 
is determined by the Eq. (2.8) with direct reaction with ozone. However, comparing       
under sonication simultaneously with ozone bubbles and      under only ozone bubbles 
procedure, it was found that the mechanism shown in Eqs. (2.1) to (2.3) is also took a part 
in the sonication simultaneously with ozone bubbles. The difference in values between      
under sonication simultaneously with ozone bubbles and      under only ozone bubbles is 
2.01, which is close to the value of      under sonication procedure only. The temperature 
in the ozone bubbles procedure was maintained by only the water heater-bath at the same 
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level of rising as in the sonication simultaneously with ozone bubbles procedure (see 
Figure 2.12).  The ozone concentration in the gas phase used for ozone bubbles production 
amounted to 350 ppm. Ozone consumption in KI aquatic solution under both ozonation 
procedures (with and without sonication) was 100 %. 
As a summarization, the oxidation efficiency OE (mol/J) obtained in the sonication 
simultaneously with gas bubbles procedures was higher than that obtained in only 
sonication procedure while total efficiency was not changed significantly, as shown in 
Table 2.2. However, in the procedure with only ozone bubbles it was difficult to verify the 
oxidation efficiency and total efficiency for the sake of high ozone direct reactivity with I
-
 
ions. Total electric power consumption of the hybrid treatment method (O3/US) was 72.5W. 
2.5. Ozone Consumption 
Figure 2.13 shows the plot of ozone consumption ΔCozone in the fatty acids treatment 
procedure (sonication simultaneously with ozone bubbles) with time. The highest ozone 
consumption was observed for the unsaturated fatty acids samples that suggested directly 
ozone reaction with double bonds in the carbon chain
 (18)
. The difference of ΔCozone 
between the oleic acid and the linoleic acid can be explained by the difference in the 
number of double bonds. For the saturated fatty acids samples, ozone consumption was 
very poor due to non-direct reaction with ozone and saturated fatty acids
 (17; 18)
. In this case, 
whole ozone consumption was used for the production of *OH radicals and other 
derivative radicals. Ozone consumption in mixture sample was resultant of all curves of 
fatty acids treatment procedure. 
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Figure 2.13. Ozone consumption ΔCozone in the fatty acids treatment procedure (sonication 
simultaneously with ozone bubbles) vs. time. Ozone concentration in gas phase is 350 ppm. 
2.6. Fatty Acids Degradation Rate 
Qualitative and quantitative analysis of fatty acids were carried out using the GC/MS and 
summarized results are shown in Table 2.3 and Table 2.4.  
Table 2.3 shows the fatty acids mass degradation measured after 30 min of each 
treatment procedure. Under only sonication procedure, low mass degradation was observed. 
Although the stearic and palmitic acids are hard-degradable compounds and low 
degradation was observed under sonication treatment procedure, it would be improved for 
the pyrolytic decomposition and oxidative degradation by *OH radicals
 (32).
 Under 
sonication simultaneously with air bubbles procedure fatty acids mass degradation 
increased. However, stearic and linoleic acids mass degradation of sonication 
simultaneously with air bubbles procedure is unexpected and needs future investigation. 
Production of *OH radicals under sonication simultaneously with air bubbles rose slightly 
(Table 2.2) compared with the increasing of fatty acids oxidative degradation by *OH 
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radicals. Under sonication simultaneously with ozone bubbles procedure, mass degradation 
drastically increased in unsaturated fatty acids samples. In this case, the main mechanism 
of degradation is determined by direct reaction between ozone and carbon double bonds 
(Figure 2.13 and Figure 2.14). For saturated fatty acids it was revealed that long carbon 
chain can be decomposed by *OH radicals or pyrolytic mechanism only. Nevertheless 
mass degradation of stearic acids under sonication simultaneously with air bubbles and 
sonication simultaneously with ozone bubbles procedures was much higher than that of 
palmitic acid. Difference between stearic and palmitic acids is in the length of carbon chain 
which have an influence to increase hydrophobic character of fatty acid (see Table 1.1 and 
Figure 1.3). Hence, stearic acid has higher probability than palmitic acid to diffuse into the 
gaseous bubble interior, and then at ≈5000 K and ≈2000 atm in pyrolytic process it could 
be destroyed. 
 
Figure 2.14. Degradation schema of free fatty acids under hybrid US/gas bubbles 
treatment process. 
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Table 2.3. Percent of mass degradation under different procedures. Each fatty acid 
was treated separately (4 samples for each treatment). 
Treatment stearic (%) palmitic (%) oleic (%) linoleic (%) 
sonication 6.0 1.8 29.6 24.7 
sonication + air bubbles 37.8 2.7 36.9 15.8 
sonication + ozone bubbles 26.3 8.2 69.3 69.2 
 
Moreover, the mechanical effects (sonophysical) of acoustic cavitation (i.e. 
microstreaming, shock waves) emulsified fatty acids into the water, which drastically 
increase reaction area (Figure 2.14). Under each treatment procedure temperature rose 
rapidly until first 10 minutes. For the rest of the time of treatment procedure (20 min) 
temperature was stable as shown in Figure 2.12. For unsaturated fatty acids, emulsification 
process was progressed rapidly and after 1 minute, fine oil-in-water emulsion was 
observed. For saturated fatty acids, emulsification process (without any emulsified agent) 
depends on the fatty acids melting point (see Table 1.1). Hence, the saturated fatty acids 
degradation process started after 10 minutes when temperature rose higher than 65 °C 
(melting point) and fine oil-in-water emulsion was observed. In summary, degradation 
process time for saturated fatty acids was 20 minutes and for unsaturated fatty acids, it was 
30 minutes. 
As shown in Table 2.4, the mass degradation of saturated fatty acids in the mixture 
sample is the same level for each treatment procedure. The oxidation products formed 
under unsaturated fatty acids treatment procedures attack the carboxylic acid group of 
saturated acids to yield an α-acyloxyalkyl hydroperoxide product (18). Although pyrolytic 
decomposition inside cavitation bubble takes a part and the difference between stearic and 
palmitic acids mass degradation improved this degradation pathway. 
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Table 2.4. Percent of fatty acids mass degradation under variety treatment 
procedure. Fatty acids were treated in the mixture (1 sample). 
Treatment 
stearic 
(%) 
palmitic 
(%) 
oleic 
(%) 
linoleic 
(%) 
total 
(%) 
sonication 30.6 21.6 43.5 27.4 31.1 
sonication + air bubbles 28.4 22.5 41.6 32.1 31.2 
sonication + ozone 
bubbles 
29.4 22.9 69.6 74.2 49.7 
2.7. Summary 
The AOPs techniques using the combination of ozone and ultrasound were applied for 
the FOG treatment in the sample wastewater. The main conclusions of this study are as 
follows. 
 Considering the      values shown in Table 2.2, the hybrid O3/US operation was a 
suitable treatment method using only electric power and air for the effective production 
of ozone and OH radicals.  
 As shown in Tables 2.3 and 2.4, sonication simultaneously operated with ozone 
bubbles was effective for the treatment of the FOG and environmentally friendly 
method for grease trap purification.  
 As shown in Table 2.2: 
 The ultrasonic power PUS under sonication process was 25% higher than PUS under 
sonication simultaneously with bubbles. 
 Power delivered to transducer PDT under sonication process was about 20% lower 
than under sonication simultaneously with bubbles. 
 Energy transfer efficiency ηP under sonication process was one-third lower than ηP 
under sonication simultaneously with bubbles. 
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 Total electric power consumption of the hybrid treatment method (O3/US) was 72.5 
W. 
 The oxidation efficiency OE obtained in the sonication simultaneously with gas 
bubbles procedures was higher than that obtained in sonication procedure only. 
While the total efficiency was not changed significantly.  
However, the electrical power consumption and the energy transfer efficiency must be 
balanced with treatment efficiency to estimate the technical and economical feasibility for 
the environmentally friendly industrial applications.  
The results reported in this part of research contribute to the development of grease trap 
purification by sonication simultaneously with ozone bubbles. Especially, it will be useful 
for the reduction of the electrical power consumption and the increase of the ultrasonic 
power if improvement of energy transfer efficiency was investigated. More decreasing of 
bubbles flow velocity should be established considering the ozone solubility in aqueous 
solutions and power delivered into the solution. Decrease of bubbles flow velocity and 
bubble size should reduce the disturbance of cavitation process that increases especially 
pyrolytic decomposition of saturated fatty acids. 
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3. OPTIMIZATION OF TREATMENT METHOD BY 
SONICATION SIMULTANEUSLY WITH GASES BUBBLES WITH 
SPECIAL EMPHASIS ON SATURATED FATTY ACIDS 
DEGRADATION 
3.1. Introduction 
In the present work, the optimization of the sonication process was studied for saturated 
fatty acids degradation. Saturated fatty acids are the most hard-degradable compounds of 
the fats, oils and greases (FOG) from the grease trap device. The influence of various 
parameters, especially immersion level of the ultrasound probe into the liquid and 
simultaneous bubbling of various gases (Ar, O2, air, O3) on the sonochemical and energy 
efficiency of the sonication process were investigated. Finally, the best parameters were 
selected to decompose hydrophobic compounds such as saturated free fatty acids. 
Treatment results of fatty acids were analyzed by GCMS. The most effective degradation 
treatment method for saturated free fatty acids, as it turned out, was a sonication 
simultaneously with low flow rate of argon bubbles and with ultrasound probe deep 
immersion level into the liquid under controlled temperature process. 
3.1.1. Problem of Sonication Optimization 
The main concern of scientists and engineers working with ultrasonic systems is to 
accomplish maximum reaction yields and/or maximum contaminants destruction at 
optimal conditions. Research and development in sonochemical systems exposed the 
significance of two basic strategies for maximizing reaction efficiencies: optimization of 
power and reactor configuration and/or enhancement of cavitation
 (35)
. The first strategy 
requires a mechanistic approach with features like:  
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 selection of the transducer (piezoelectric or magnetic material that converts 
electrical impulses to mechanical vibrations) and generator (probe types for low-
frequency, and plate-types for high frequency effects), 
 configuration and dimensioning of the reaction cell, 
 optimization of the power efficiency (i.e. the effective power density delivered 
to the reaction medium). 
These aspects have been thoroughly described and reviewed by scientists in the last decade
 
(42; 41; 43; 35)
. The second strategy, i.e. the enhancement of cavitation to maximize chemical 
reactivity involves the addition of different gases or solids into the system to test and 
compare their effectiveness in increasing reaction yields and/or reaction rates are. 
3.1.2. Simultaneously Bubbling under Ultrasound Irradiation 
As shown in Figure 3.1, the presence of gas bubbles such as oxygen, ozone or argon, 
during sonication will promote a number of reactions within the bubbles (cavities). The 
thermolysis of water to form *OH radicals and *H radicals is one of the most prevalent 
reactions during sonication process. The *OH radicals are assumed to play the most 
significant role in sonochemical reactions, although other free radicals may be important 
oxidants. These reactions occur in the gas phase. The reaction products can migrate to the 
interfacial sheath of the bubble where they can subsequently react in the aqueous phase
 (28)
. 
However, presence of gas bubbles in the liquid lowers the cavitational intensity and 
reduces the intensity of the shock wave released, as much of the shock wave will be 
utilized to collapse the gas bubbles. Particulate matters, especially as if trapped vapour gas 
nuclei in their crevices and recesses, will reduce the cavitation effect
 (35)
.  
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Figure 3.1. Chemical reactions during sonication simultaneously with bubbles: oxygen, 
ozone or a noble gas (M), such as argon
 (28)
. 
On the other hand, science the first effect of cavitation is degassing, the solution will 
rapidly be free of dissolved gases if gas entrainment (to entrap water vapour into gas 
bubble) is slowed down during sonication. As it is a common phenomenon, therefore, to 
bubble the liquid continuously with gas throughout the sonication process, to keep constant 
gas flow into the bubbles so as keep on the “hot spot” collapsing phenomenon. The final 
temperature of the collapsing bubble is closely related to a gas parameter, called the 
specific heats, such as Cp/Cv ratio (ratio of heat capacity at constant pressure to heat 
capacity at constant volume) of the ambient gases entrapped in the bubble
 (44)
. Hence, the 
nature of the saturating gas is further important, due to the inverse relationship between 
thermal conductivity of a gas and the temperature build-up in a cavity bubble
 (45)
. 
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Sonoluminescence studies with noble gases have shown that as the thermal conductivity 
decreases in the order: Xe < Kr < Ar < Ne < He, the amount of heat loss to the surrounding 
liquid (due to heat conduction in the gas) also decreases, the collapse approaching perfect 
adiabatic conditions
 (44)
. Hence, sonolytic radical yields increase with increasing effective 
temperature of collapsing bubbles, i.e. with increasing Cp/Cv ratios, but decrease with 
increasing thermal conductivities of ambient gases
 (46; 47; 44)
. Furthermore, noble gases are 
more effective than diatomic gases (and air), owing to higher Cp/Cv ratios obtained with 
monatomic gases in water
 (44; 46; 28)
. However, despite the equal Cp/Cv ratios of argon and 
helium in water, much higher yields of pyrolysis products were detected with the former, 
as attributed to its 10-fold lower thermal conductivity
 (34)
. 
Argon is by far the most widely used in the industrial applications for the reason that is 
the cheapest noble gas. Argon is inexpensive since it is a byproduct of the production of 
liquid oxygen and liquid nitrogen from a cryogenic air separation unit, both of which are 
used on a large industrial scale. The other noble gases (except helium) are produced this 
way as well, but argon is the most plentiful since it has the highest concentration in the 
atmosphere
 (48)
. 
3.1.3. Hybrid US/O3/O2/Ar Applications in Wastewater Treatment 
Petrier et al.
 (45)
 studied the degradation of pentachlorophenate in argon, air and oxygen 
saturated aqueous solutions under 20 and 530 kHz ultrasonic irradiation. They reported 
that the higher frequency was considerably more effective, and the degradation was faster 
when the solution was bubbled with argon than when bubbled with O2 or air. 
Vinogopal et al.
 (49)
 investigated the ultrasonic mineralization of a textile dye, Remazol 
Black-B at 640 kHz under a stream of O2 gas. They reported that dye destruction starts in 
the solution bulk with the rupture of the azo-bond by *OH attack and complete 
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decolorization is accompanied by total mineralization, if sufficient contact is allowed. The 
authors concluded that ultrasonic remediation should be considered as a solution 
alternative to the reuse and/or recycle of textile dyeing mill effluents as process water. 
Alegria et al.
 (50) 
studied the mechanism and site of degradation of non-volatile 
surfactants by ultrasonic irradiation at 50 kHz, using argon as the saturating gas. They 
reported that surfactants orient themselves radially in the interfacial region with their polar 
head groups pointing to the bulk solution. This was veriﬁed by the detection of pyrolysis 
products and the observation of a strong inhibition of hydrogen peroxide production with 
increasing surfactant concentration, as opposed to the sonolysis of solutions containing 
non-volatile non-surfactants. 
The contaminants degradation mechanism in the aqueous solution (radical’s mechanism, 
oxidative or pyrolytic degradation) is not only depending on saturated gases properties, but 
also mainly depend on contaminants properties (hydrophobic or hydrophilic character, 
resistant or non-resistant to oxidation and/or hydrolysis).  
3.2. Materials and Experimental Setup 
Two saturated fatty acids (palmitic acid, stearic acid) were used in this study (see Table 
1.1). Fatty acids were purchased from Wako Pure Chemical Industries (Japan). 0.1 M 
potassium iodide (KI) aqueous solution was purchased from Kanto Chemical (Japan). 
Derivatization agent hydrogen chloride – methanol (1.4 N, HCl: 5~10 %) was purchased 
from Tokyo Chemical Industry (Japan). Analytical standards (F.A.M.E. mix RM-6 
(Supelco) and nonadecanoic acid) and all other chemicals (hexan, sodium chloride, sodium 
carbonate monohydrate, luminol(aminophthalhydrazide)) were purchased from Sigma 
Aldrich (USA). Purified oxygen, nitrogen and argon were purchased from Iwatani (Japan). 
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Purified water (conductivity ≤ 0.1 mS/m) purchased from Takasugi-Seiyaku (Japan) was 
used for all experiments. 
Experimental setup was consisted of sonication system, ozonation system and reaction 
system (Figure 3.2). 
3.2.1. Sonication System 
Sonication system was consisted of the Ultrasonic Processor VC-505 (Sonics, USA) 
and piezoelectric lead zirconate titanate crystals transducer (PZT) connected with titanium 
alloy (Ti-6Al-4V) probe with extender (Ø 1.3 cm). The ultrasonic power supply converts 
50/60 Hz voltage to high frequency electrical energy at constant value of 20 kHz and 
controls the ultrasound amplitude ζ  at the probe. Electrical power delivered to the 
transducer PDT was measured by the Ultrasonic Processor and data were collected by 
Graphtec midi Logger GL200A. Air pump (Yasunaga, Japan) was used as a cooling 
device for transducer. 
 
Figure 3.2. Photo of experimental setup and experimental schema. 
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3.2.2. Ozonation System 
 
Figure 3.3. Ozonation system. 
Ozone was generated by dielectric-barrier discharge ozone generator Sensui AS-500SS 
(Ohnit, Japan) from mixture gas (N2:O2 4:1 w/w) with flow 2.5 l/min controlled by digital 
mass flow controller (Yamatake CMQ, Japan) under atmospheric pressure. The ozone gas 
concentration was measured by ozone UV monitors (Ebara Jitsugyo, EG-3000 and Model-
600 G6SHE-T, Japan, connected with Graphtec Midi Logger GL200A for collecting data) 
on the inlet and outlet of reaction system. Residual ozone was decomposed by the ozone 
destructor (activated carbon) (see Figure 3.3). 
3.2.3. Reaction System 
Reaction system shown in Figure 3.4 was made up of glass tubular batch reactor (22 
cm length, Ø 3.3 cm). In the central, from the top of the reactor, the ultrasonic probe 
connected with the reactor by silicon tube was placed. In the bottom of the reactor in the 
blank silicon plug, the temperature probe (K type thermocouple connected with Graphtec 
midi Logger GL200A) and stainless cylindrical gas filter (Flowell, Japan, Ø 1.2 cm with 2 
µm pore size) was installed. In the experiments with simultaneous bubbling, small gas 
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bubbles (air, oxygen, argon and ozone) were generated by 2 µm pore in the stainless filter 
under constant flow rate 0.1 l/min. The gas outlet was introduced from the top of silicon 
tube through the condenser. Water in the condenser was kept at 5 °C by EYELA Coolace 
CCA-1100 (Tokyo Rikakikai, Japan), which removed vapor from the gas phase and turned 
back to the reactor. The reactor was located in the tubular cooling water bath (25 cm length, 
Ø 12 cm) with cooling water at 20 °C by RKS-400S-C (Orion, Japan). In experiments with 
other gases than ozone, sonication system with ozone generator turned off was used. 
gas 
outlet
ultrasonic 
probe
gas inlet
temperature
probe
condenser
silicon tube
glass 
tubular 
reactor
gas filter
liqud level 
in reactor
cooling 
bath
 
Figure 3.4. Reaction system setup. 
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3.3. Measurement Methods 
Standard methods (KI dosimetry and calorimetry (41)) to calibrate sonochemical and 
energy efficiency of reaction system were used. 
3.3.1.  KI Dosimetry 
The KI dosimetry method is one of the measurement methods of sonochemical 
efficiency of sonication process by calculation of triiodide ion concentration     . When 
ultrasound is irradiated into an aqueous KI solution, I− ions are oxidized to give I2. When 
excess I− ions are present in solution, I2 reacts with the excess I− ions to form I3
− ion: 
*
OH + I
-
 → OH- + I        (3.1) 
I + I
-
 → I2
-         (3.2) 
2I2
-→ I2 + 2I
-         (3.3) 
I2 + I
-→ I3
-         (3.4) 
Hydroxyl radicals are considered the main oxidizing species generated during the sonolysis 
of aqueous solution. Nevertheless, when KI solution is under ultrasound irradiation 
simultaneously with ozonation, the pathway of I2
 
creation is determined by the following 
directly ozone reaction: 
O3 + 2I
-
 + H2O → O2 + OH
-
 + I2       (3.5) 
Concentration of KI was 0.1 mol/l. The absorbance A of I3
− ion was measured at 355 nm (ɛ 
= 26.303 l/mol cm) by using spectrophotometer Hach DR/4000U (USA) and concentration 
of triiodide ion      (mol/l) was calculated by the following equation. 
    =
𝐴
𝜀𝑏
          (3.6) 
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where A is an absorbance of I3
−, ɛ is a molar absorption coefficient of I3
− ion and b is path 
length of the spectrophotometer (measurement cell b = 1 cm). 
3.3.2.  Calorimetry Method 
The ultrasonic power dissipated into liquid PUS (W) was calculated by the following 
equation: 
   =    
  
  
          (3.7) 
where, m is the mass of water (g), Cp is the heat capacity of water (4.2 J/g K), 
  
  
 is the 
temperature slope of water per unit of sonication time (K/s). In this work, the sample 
volume was 0.1 l. The initial temperature was measured using a thermocouple (K type) and 
the average value was 20 ± 0.5 °C. Due to determining the ultrasonic power dissipation 
based on the dependence of the temperature rise  
  
  
 , measurements were disrupted in 
experiments by using cooling system. Hence, measurement was carried out at first minute 
of sonication process in this experiment. 
To convert PUS and PDT to power density D (W/l), the power was divided by the sample 
volume V (l): 
   =
   
 
          (3.8) 
   =
   
 
         (3.9) 
The energy efficiency ηP was calculated from ultrasonic power density dissipated into 
liquid DUS and electrical power density delivered to the transducer DDT at first minute of 
sonication process, it is shown by the following equation. 
η
P
=
  S
  T
           (3.10) 
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Energy measured by calorimetry method is depending on the temperature rise  
dT
dt
 and it is 
impossible to measure that during the long-time sonication processes with cooling. Hence, 
the total efficiency of sonication process ηtot. (mol/J) was described by the following 
equation: 
     =
  
     
         (3.11) 
3.3.3.  Sonochemiluminescence (SCL) 
The sonochemically active zone in the reactor was imaged by SCL method, under 
various processes: sonication only, sonication simultaneously with argon bubbles, 
sonication simultaneously with ozone bubbles and ozone bubbling only. A luminol 
solution containing 0.1 g/l luminol and 0.5 g/l sodium carbonate in purified water was 
used. 
Under ultrasound irradiation, luminol molecules react with *OH radicals generated from 
sonolysis of water molecules, transform to excited-state fluorescing 3-aminophthalate (3-
APA), and then stabilize as 3-APA through emitting visible light called SCL (Figure 3.5). 
Because this reaction is related to OH radicals or other oxidizing radicals species 
generated by ultrasonic cavitation phenomena or ozone itself, the brighter regions indicate 
the active zones
 (51)
. 
 
Figure 3.5.Sonochemiluminescence reaction. 
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The SCL was recorded for an exposure time of 30 s, the f-number was 20, and the ISO 
setting was Hi1.0, by using a digital camera (D90, Nikon, Japan) with lens (AF MICRO 
1:1, 90mm 1:2.8, Tamaron, Japan) in the dark room. The distance between the reactor 
and digital camera was 60 cm. The luminol solution was refreshed after one shot was 
taken. 
3.3.4.  Sample Preparation 
 
Figure 3.6. Fatty acid in water solution: granulated fatty acid on the water surface (A), 
oily fatty acids on the water surface at 75 °C (B) and colloidal suspension of fatty acid 
after sonication process (C). 
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Samples were prepared in glass jar (1 liter) with 1 liter purified water and adding about 
5 g of fatty acid (see Figure 3.6), which is adequate concentration of the FOG in the 
wastewater from the restaurant cooking area
 (11; 13)
. Palmitic and stearic acids have high 
melting points (see Table 1.1) and below this temperature, fatty acids are in solid phase 
(granulated product). By using reaction system described above, for saturated fatty acids, 
homogenization process started when temperature rose higher than 65 °C. To increase the 
total area of contact between fatty acids and water, that is to get fine oil-in-water colloidal 
suspension for saturated free fatty acids, it is necessary to run process above saturated fatty 
acids melting point. Hence, the glass jar with sample was heated in water-bath up to 75 °C 
and when temperature was stabled, homogenization process was run under “low” 
sonication conditions (3 minutes sonication time with 1 cm ultrasound probe immersion 
into the sample, PDT = 65 W) to minimized degradation effect
 (52)
. Afterward, sample was 
cooled down under magnetic stirring. After cooling down to the room temperature (below 
to the saturated fatty acids melting point), emulsion (liquid-liquid colloidal suspension) 
was changed to sol (solid-liquid colloidal suspension)
 (53)
. However, the colloidal 
suspension breaking was not achieved (Figure 3.7). Microscope photos of saturated fatty 
acids emulsion (liquid-liquid colloidal suspension) at 75 °C and saturated fatty acids sol 
(solid-liquid colloidal suspension) at 20 °C were taken by Fluorescent Stereo Microscope 
(M165 FC, Leica, Japan), with scale bar 100 µm. Homogenization process was run without 
any homogenization agent and samples must be kept under continuously magnetic stirring 
to prevent the samples from colloidal suspension breaking. However, even after three and 
six months after samples preparation, the colloidal suspension breaking was slight (see 
Figure 3.7). 
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Figure 3.7. Microscope photos of saturated fatty acids colloidal suspension. 
Bar scale 100µm. 
Colloidal suspension stability was proven also by viscosity measurement (Rheometer, 
Anton Paar MCR Physica 101, Austria) (Figure 3.8). For the fine colloidal suspension, 
where water is continuous phase (dispersion medium), the viscosity accepts the continuous 
phase viscosity
 (53)
. The viscosity of the saturated fatty acid sol at 20 °C was 1.273 ± 0.090 
cP (viscosity of water at 20 °C is 1.002 cP) and stability of the colloidal suspension was 
proven. 
In consequence, thanks to a long-time colloidal suspension stability and low viscosity of 
fine colloidal suspension, the probability of the blockage of the sewage is significantly 
reduced.  
 
Figure 3.8. Rheometer. 
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Regarding the fundamental conservation law, the motion of a vibrating probe as well as 
the motion of bubble boundaries requires more energy with higher liquid viscosity. At 
higher viscosity, cavitation is more difficult to induce, i.e. a greater power must be 
delivered to transducer and the number of cavitating bubbles per unit volume is reduced. 
Hence, due to the fact that viscosity was at same level as the water viscosity, the influence 
of viscosity on sonication process was neglected. 
The complete energy conversion road in sonication process: 
EDT → EUS → Ecav. → Ephys. + Echem. → Eeff.      (3.12) 
where EDT is the energy delivered to transducer, EUS is the energy dissipated into liquid, 
Ecav. is the energy of the cavitating bubbles, Ephys. is the sonophysical energy, Echem. is the 
sonochemical energy, Eeff. is the energy spend on the desired effect such as fatty acids 
degradation. The sonochemical energy is spent on reaction kinetics, especially the radicals 
production (see Figure 3.1) and that energy is mainly responsible for oxidative degradation 
of contaminants. The sonochemical energy is easy to measure, e.g. by KI dosimetry 
method. The sonophysical energy of sonication process is spent on mixing and 
contaminants surface modification (e.g. emulsification) or gas bubbles/cavites interaction, 
by microstreaming and shock waves of ultrasound. The sonophysical energy is mainly 
responsible for pyrolytical degradation of contaminants (especially hydrophobic 
contaminants) and is difficult to measure. Hence, samples were prepared in the following 
way to eliminate energy spend on emulsification process during the treatment process
 (43).
 
Each fatty acid was prepared separately and then was used to treatment process with 
samples volume of 100 ml each. 
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3.3.5.  GC/MS Analysis 
 
Figure 3.9. Chromatogram of standard FAME (RM-6) for the chosen methyl esters. 
After each treatment procedures, 0.5 ml samples were collected immediately in 4 ml 
vials and stored under -20 °C until GCMS analysis. Zero samples were collected in the 
same way before each treatment processes. All samples were collected double. 
Before GCMS analysis, the fatty acids were converted to the simplest convenient 
volatile derivative fat acid methyl esters (FAME). Procedure was made by preparing three 
samples of standard FAME (2 ml of 1 mg/ml mix RM-6) and adding 500 µg of internal 
standard (nonadecanoic acid) to every sample (see Figure 3.9). Water was removed from 
the samples by centrifugal evaporator at 50 °C for 2.5 hours. Directly afterwards, 500 µl 
derivatives agent of hydrogen chloride – methanol (HCl: 5~10 %) was added and closed 
tightly. Derivatization process was carried out at 80 °C in the block heater for 3 hours. 
After that, 1.5 ml hexane and 1.3 ml sodium chloride (5 % water solution) was added, 
being extracted by a vortex mixer for 5 minutes and centrifuge for 10 minutes. The upper 
layer was collected and stored at -30 °C until GC/MS analysis. 
Qualitative and quantitative analysis of fatty acids were carried out by the gas 
chromatography mass spectrometry GCMS-QP2010 Plus (Shimadzu, Japan) with electron-
ionization detector. The column was 30 m long with film thickness 0.25 µm × 0.25 mm in 
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diameter (DB-Wax, Agilent Technologies J&W, USA). Helium gas was used as the carrier 
gas at 40 cm/sec, measured at 50 °C. Splitness injection (splitness duration 45 s, ratio 
100:1) was carried out with an injector temperature of 250 °C. The temperature 
programming for the column was applied as follows, 50 °C for 2 min, then to 250 °C at 
10 °C/min and hold at 250 °C for 8 minutes.  
Every treatment procedure was repeated and analyzed for three times and average percent 
of fatty acids mass degradation rate was estimated by compare results to the zero samples.  
3.4. Optimization of Ultrasound Amplitude  
As the ultrasonic generator, used in this thesis, can be set up by adjustment of the 
ultrasonic amplitude ζ, the knowledge of amplitude influence on the sonication process is 
essential for further investigations. Therefore, the power delivered to transducer PDT was 
recorded at various immersion levels of the ultrasonic probe into 0.1 l water and various 
ultrasonic amplitudes ζ. The results of these experiments with an initial water temperature 
of 20 °C and after 1 minute sonication, are shown in Figure 3.10.  
The Ultrasonic Processor allows the ultrasonic vibrations at the probe (amplitude ζ) to be 
set to any desired level. Although the degree of cavitation required for the sample can 
readily be determined by visual observation, the amount of power delivered to transducer 
cannot be predetermined. Actually, it is the resistance of the vibration of the probe that 
determines how much power will be delivered into the sample. As it is shown in Figure 
3.10, the greater the resistance to the vibration of the probe due to deeper immersion of the 
probe into the water, the greater the amount of power that will be delivered to the 
transducer. However for the low amplitude ζ 40% = 49.6 µm, the power delivered to 
transducer PDT is constant at each immersion level of the ultrasound probe. 
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Figure 3.10.  Influence of ultrasonic probe immersion level into water and ultrasonic 
amplitude ζ on the power delivered to transducer PDT. Maximum ζ 100% = 124 µm, minimum 
ζ 40% = 49.6 µm. 
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Figure 3.11.  Influence of ultrasound amplitude ζ (ζ 100% = 124 µm) on the sonochemical 
efficiency CI and average power delivered to transducer PDT at different immersion level of 
the ultrasound probe. Process time t= 30 min, under temperature process control (by 
cooling water bath at 20 °C). 
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By visual observation, at the ζ 70% = 86.8 µm, a high degree of cavitation phenomena 
(intensity) was noticed and that amplitude was selected for a homogenization process in 
the fatty acids sample preparation procedure. However, to verify sonication process at 
higher amplitude, the sonochemical efficiency CI and average PDT were investigated at 
different immersion level of the ultrasound probe and is shown in Figure 3.11. The 
sonochemical efficiency is not substantially different in the higher amplitude but PDT rise 
highly compared to PDT at lower amplitude. Nevertheless, the energy efficiency ηP does not 
change with amplitude, both at 2.5 cm immersion level of the ultrasound probe (ζ 70% vs. ζ 
90% , ηP = 0.55 vs. ηP = 0.54) and at 10 cm immersion level of the ultrasound probe (ζ 70% vs. 
ζ 90% , ηP = 0.61 vs. ηP = 0.59). The same observation was reported by Loning et al. 
(43)
. The 
total efficiency of sonication process ηtot. at 2.5 and 10 cm immersion level of the 
ultrasound probe are higher at ζ 70% (ηtot.= 0.97 x10
-8
 mol/J and ηtot.= 0.79 x10
-8
 mol/J, 
respectively) than at ζ 90% (ηtot.= 0.69 x10
-8
 mol/J and ηtot.= 0.67 x10
-8
 mol/J, respectively). 
Hence, all further experiments in this part of research were carried out at ζ 70% = 86.8 µm. 
  
58 
 
3.5. Influence of Temperature on Sonication Process) 
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Figure 3.12. Change of the temperature (a) and the power delivered to transducer PDT (b) 
during various sonication processes, where: 2.5 cm and 10 cm – probe immersion level 
into liquid, with bubbles - simultaneous bubbling of various gases (air, oxygen, argon, 
ozone). All experiments were run under temperature process control (by cooling water 
bath at 20 °C) except experiments – without cooling. Constant amplitude ζ 70% = 86.8 µm. 
59 
 
 
Figure 3.13. Acoustic impedance of water and dry air
 (54)
 (a), and 
vapor pressure of water
 (55)
 (b) as function of the temperature. 
In many processes a decrease of the ultrasonic effects with increasing temperature can 
be observed
 (35)
. Similar observations were made at high ultrasound intensities, in the 
current work at ζ 70% = 86.8 µm. The cavitation zone is saturated by cavities already at low 
temperature and therefore the increase of the amount of cavities by the increase of the 
temperature can only decrease sonochemical efficiency
 (56)
.  
Figure 3.12 shows the change of temperature and PDT under various sonication 
processes. The power delivered to transducer PDT decrease with increasing temperature 
during sonication without temperature process control and is almost constant during 
sonication with temperature process control. According to rising vapor pressure of water 
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with rising temperature (Figure 3.13b)
 (55)
, the tendency of liquid to evaporate and to form 
out greater bubbles is observed. Hence, the higher volatility of water with increasing 
temperature leads to reduced PDT consumption and energy efficiency ηP is higher without 
temperature process control than with temperature process control, both at 2.5 cm (ηP = 
0.65 and ηP = 0.55, respectively) and 10 cm (ηP = 0.80 and ηP = 0.61, respectively) 
immersion level of the ultrasound probe. However, as shown in Figure 3.14, the 
sonochemical efficiency is decreasing significantly with rising temperature. According to 
process time, even though PDT is constant and CI is rising during sonication with 
temperature process control, the total efficiency of sonication process ηtot. is decreasing 
(Table 3.1). Corresponding with this fact, the longer process time than 30 min is inefficient, 
especially due to energy consumption. 
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Figure 3.14. Influence of process time on the sonochemical efficiency CI and average 
power delivered to transducer PDT at different ultrasound probe immersion level and 
with/without temperature process control (by cooling water bath at 20 °C). Constant 
amplitude ζ 70% = 86.8 µm. 
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As is demonstrated in Table 3.1, the sonication process with temperature process control 
by cooling water bath at 20 °C is more effective than sonication without temperature 
process control. The temperature during all the cooling processes was stable after 5 min of 
process time within the range 39 – 54 °C. In this temperature range, the acoustic 
impedance (Figure 3.13a) reaches almost maximum value for the pure water (non-
cavitaiting liquid)
 (54)
. The acoustic impedance directly expresses acoustic load of 
irradiated liquid, which is considered as a main resistance of the vibration of the ultrasound 
probe. However, the presence of gas and vapor inside bubbles (cavities) is mainly 
influenced by lower acoustic impedance of gaseous media, to reduced coupling between 
the probe and the medium. Within an increasing size of the cavitating bubbles in the liquid, 
the load decreases and consequently less energy is required for a constant amplitude 
operation. Due to relatively low vapor pressure of water (see Figure 3.13b) at a 
temperature range of 39 – 54 °C and with temperature process control by cooling water 
bath at 20 °C, is effective to run the sonication process under constant PDT with high 
sonochemical efficiency (see Figure 3.12 and 3.14). Hence, all further experiments in this 
work were carried out with temperature process control by cooling water bath at 20 °C. 
Table 3.1. Influence of process time on the total efficiency of sonication process ηtot. *10
-8
 
(mol/J) at different ultrasound probe immersion level (2.5 cm and 10 cm), with/without 
temperature process control (by cooling water bath at 20 °C). 
Process time 
2.5 cm 10 cm 
with without with without 
10 min 1.43 1.12 1.73 0.90 
20 min 1.13 0.39 1.09 - 
30 min 0.97 0.06 0.79 - 
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3.6. Influence of Simultaneous Bubbling of Air, Oxygen, Argon and 
Ozone on Sonication Process 
As was described in previous chapter of this thesis (see Chapter 2), under sonication 
process simultaneously with gas bubbles high flow rate 1.5 l/min, the high cavitation 
phenomena disruption was observed by reduction of one-third energy efficiency, and the 
higher energy was delivered to transducer instead of lower temperature process. Generated 
relatively small bubbles by the stainless gas filter with flow rate at 0.1 l/min in the 
sonicated liquid (see Figure 3.4), did not influence the shock waves released while the 
acoustic impedance was reduced, and in consequence, the power delivered to transducer 
PDT was slightly reduced, especially at 10 cm immersion level of the ultrasound probe, as 
shown in Figure 3.12b and Figure 3.15. The energy efficiency ηP was not changed at 2.5 
cm immersion level of the ultrasound probe but at 10 cm immersion level of the ultrasound 
probe it was reduced from ηP = 0.61 to ηP = 0.56. 
Under oxygen saturation, low temperature pyrolysis would play a significant role 
because of oxygen’s relatively low Cp/Cv  ratio of 1.39 (46). Sonolytic reactions of oxygen 
lead to *OH, *OOH and *O radicals that provide other reaction (see Figure 3.1). As shown 
in Figure 3.15, sonochemical efficiency is similar under oxygen as under air due to similar 
heat capacities of these gases. With delivered oxygen and air, production of *OH radicals 
were not significantly changed.  
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Figure 3.15. Influence of simultaneous bubbling of various gases: -- (process without 
bubbling), air (N2:O2 4:1 w/w), oxygen (O2), Ar (argon), ozone (O3 with concentration 1.1 
g/Nm
3
) on the sonochemical efficiency CI and average power delivered to transducer PDT 
at different ultrasound probe immersion level. Constant gas flow rate 0.1 l/min, under 
temperature process control (by cooling water bath at 20 °C), constant amplitude ζ 70% = 
86.8 µm, process time t = 30 min. 
Based on the higher Cp/Cv ratio of Ar over O2, a larger amount of hydroxyl radicals are 
expected to form in Ar saturation. However, it was found that a larger amount of H2O2 was 
formed from O2 saturation rather than Ar saturation from the ultrasonic irradiation to pure 
water
 (46)
. Kima et al. found that the degradation of methyl tert-butyl ether (MTBE) in 
argon saturated solution shows similar rate compared to that in oxygen saturation but 
shows significantly different formations of products because of effective pyrolytic 
degradation under high temperatures and high pressures but restricted formations of 
peroxyl radicals
 (46)
. Argon is less soluble in water than oxygen or ozone, and at 20 kHz Ar 
has the greatest intensity of sonoluminescence spectra, due to sonoluminescence is known 
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to originate from the gas phase and not from the interface or bulk solution
 (28)
. Gases with 
low thermal conductivities (O2 vs. Ar, 48.1 vs. 30.6 mW/mK) will lead to more intense 
conditions within a collapsing bubble because less heat is dissipated to the surrounding 
aqueous solution during the rapid explosion
 (47)
. Therefore, the bubble implosion in the 
presence of Ar favors a higher overall temperature. Hence, under argon saturation, high 
temperature pyrolysis would play a significant role. 
As it is shown in Figure 3.15, that sonochemical efficiency is the greatest under argon 
bubbling, except results of ozone bubbling where sonochemical efficiency was disrupted 
by direct ozone reaction with I− ions, shown in Eq. (3.5). It is difficult to verify. However, 
as demonstrated in Figure 3.1, sonication under ozone bubbling can be also a high potential 
source of *OH radicals. Hence, all further experiments in this work were carried out with 
argon and ozone bubbles. 
3.7. Influence of Immersion Level of the Ultrasonic Probe into the 
Liquid on Sonication Process Simultaneously with Bubbles 
A series of photos were taken for the visualization of the sonochemically active zone in 
the reactor with immersion level of the ultrasound probe into a liquid at 10 cm and 2.5 cm, 
under various processes (see Figure 3.16). 
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Figure 3.16. The sonochemically active zone in the reactor with immersion level of the 
ultrasound probe into a liquid at 10 cm and 2.5 cm under various processes: sonication 
only (US), sonication simultaneously with argon bubbles (US + argon), sonication 
simultaneously with ozone bubbles (US + ozone) and ozone bubbling only (ozone). Photos 
are original, without software manipulations. Bar scale 1cm. 
Ozone reacts directly with luminol and was difficult to verify real sonochemical active 
zone during ultrasound irradiation. Even that, the experiment with luminol under ozone 
bubbling only and under sonication simultaneously with ozone bubbles could be explained 
the generated bubbles behavior. At the end of the ultrasound probe, the main cavitation 
stream was directed vertically down and the generated bubbles were trapped in the zone 
between the probe and gas filter. Hence, under ozone bubbling only, the most active zone 
(on the Figure 3.16 marked by the brightest shade) was concentrated close to the gas filter 
while under ultrasound irradiation with deep immersed probe (10 cm), the most active zone 
was concentrated on all bottom side in the reactor and much more dispersed. Due to 
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ultrasound shock waves, the generated bubbles were broken down and were dispersed in 
the whole reactor volume. Moreover, at the middle and upper volume of the reactor with 
deep immersed probe, the generated bubbles were once again trapped by the side cavitation 
zones, which were clearly shown under sonication with argon bubbles (see Figure 3.17). 
Under ozone bubbling only, the generated bubbles were flowed fast and straight to the top 
of the reactor, which could be observed by straight and smooth stream of SCL, both at 
deep and low immersion level of ultrasound probe. Similar observation was noticed under 
sonication simultaneously with ozone bubbles with low immersion level (2.5 cm), which 
prove only a slightly influence of ultrasound irradiation on the generated bubbles. 
As demonstrated in Figure 3.17, to generate the argon bubbles under ultrasound irradiation 
with deep immersed probe was highly effected to increase the sonochemically active zone, 
especially, generated by the side cavitation phenomena. For a low immersed probe, as 
shows Figure 3.16, under argon bubbling, side active zone surrounded the immersed probe, 
was more intensive, which was also confirmed by higher sonochemical efficiency (see 
Figure 3.15). Typical for ultrasound low frequency (20 kHz) conical shape of active zone 
at the end of ultrasound probe (see Figure 3.17, left photo) was less shown, both with 
argon and with ozone bubbling under ultrasound irradiation.  
Hence, the deep level of the ultrasound probe immersion into the liquid is highly effective 
with sonication simultaneously with relatively small gas bubbles, which is also confirm by 
high total efficiency for simultaneously argon bubbling (ηtot.= 1.92 x10
-8
 mol/J) and 
simultaneously ozone bubbling (ηtot.= 3.62 x10
-8
 mol/J) under ultrasound irradiation. 
However, for ozone bubbling total efficiency was overstated by disrupted sonochemical 
efficiency. 
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Figure 3.17. The sonochemically active zone in the reactor with 10 cm immersion level of 
the ultrasound probe into a liquid under sonication only (left) and sonication 
simultaneously with argon bubbles (right). Images were manipulated using a brightness 
and contrast effect on Microsoft Office Picture Manager Software to sharpen the intensity 
of the sonochemiluminescence. Bar scale 1cm. 
3.8. Saturated Fatty Acids Degradation Rate 
The following sonication conditions were chosen: 20 kHz ultrasound frequency, ζ 70% = 
86.8 µm ultrasound amplitude, procedure with temperature process control by cooling 
water bath at 20 °C, 10 cm immersion level of the ultrasound probe. Treatment of saturated 
free fatty acids was run under three different procedures: sonication only, sonication 
simultaneously with argon bubbles and sonication simultaneously with ozone bubbles. The 
percent of palmitic and stearic acid mass degradation rate is shown in Figure 3.18. 
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Figure 3.18. Percent of palmitic acid (a) and stearic acid (b) mass degradation rate under 
variety treatment procedure: sonication only (US), sonication simultaneously with argon 
bubbles (US + Ar), sonication simultaneously with ozone bubbles (US + O3). 
The organic contaminants, under the ultrasound may be destroyed by the combined effects 
of pyrolytic decomposition and oxidative degradation (Figure 3.19). As demonstrated in 
Figure 3.18 the saturated free fatty acids mass degradation rate were achieved around 25 % 
for both fatty acids. 
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Figure 3.19 Degradation schema of saturated fatty acids under hybrid US/gas bubbles 
treatment process. 
The treatment mechanism can be explained by similarity of pyrolytical degradation process 
to enzymes oxidation mechanism. The initial attack on FOG by microorganisms is the ester 
bonds by enzymes (lipases) which remove the fatty acids from glycerol molecules of the 
triglycerides. The main pathway for the oxidation of fatty acids involves repetition of a 
sequence of reactions, which results in the removal of two carbon atoms as acetylo-CoA 
with each repetition of the sequence: beta-oxidation (see Table 3.2), such as is it in the 
digestive system. Sonication treatment was also achieved through the production of 
hydroxyl radicals, which are among the strongest oxidizing species. Due to absence of 
double carbon-carbon bonds at the carbon long chain of saturated fatty acids, only 
hydroxyl radicals can break down the single carbon-carbon bonds into carbon dioxide and 
water. This process is also familiar to enzymes oxidation mechanism. 
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Table 3.2. Beta-oxidation
 (57)
. 
 
 
 
Figure 3.20 Cavity collapse at/or near a solid contaminant surface: schema (left), 
photomicrograph of imploding cavity (~150 µm diameter) (right) 
(31)
. 
At low ultrasound frequency (20 kHz), the hydrogen and hydroxyl radicals had more time 
to recombine to form water or other radicals inside the bubbles. However, with the 
concentration of organic substances the number of available hydroxyl radicals for the 
recombination is reduced
 (46)
. Due to hydrophobic saturated free fatty acids have a strong 
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tendency to diffuse into the gaseous bubble interior, the hydroxyl radicals played the main 
role in the saturated fatty acids oxidative degradation.  
At the sol (solid-liquid) colloidal suspension, disruption of the solid contaminants by the 
jetting phenomenon associated with the collapse of cavitation bubbles takes place (Figure 
3.20), especially at low frequency
 (32)
. Moreover, these nano-scale solid contaminants (RH) 
could be injected inside the bubbles by an asymmetrical collapse and react with *OH 
radicals or directly destroy by collisions with Ar 
(58)
: 
RH + *OH → *R + H2O        (3.13) 
RH + Ar → *R1 + *R2 + fragments       (3.14) 
These mechanisms play a crucial role in the sonication simultaneously with argon bubbles 
treatment procedure and a high degradation rate was observed, as shown in Figure 3.18.  
In the hybrid AOP method sonication/ozonation for a degradation of unsaturated fatty 
acids, the main roll was played by ozonation process, due to the direct reaction of ozone 
with carbon-carbon double bonds in long carbon chain of fatty acids, as was reported in 
previous chapter (see Chapter 2, Figure 2.14). Due to the absence of double bond in the 
chemical structure of saturated fatty acids, stearic and palmitic acids cannot react directly 
with ozone
 (18)
 (Figure 3.19). To consider that fact, ozone can be only as a source of *OH 
radicals under saturated fatty acids degradation treatment procedure. As it shown in Figure 
3.18, degradation rate is almost two-times greater than sonication process alone, which 
suggest quite high efficiency of ozone transformation to hydroxyl radicals under 
ultrasound irradiation. Due to high ozone reactivity with iodine ions and luminol, it was 
impossible to verify sonochemical efficiency and sonochemically active zones during 
optimization of sonication process. Only by saturated fatty acids degradation procedure, 
was possible to verify real sonochemical efficiency of sonication simultaneously with 
ozone bubbles. 
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3.9. Summary 
The results of optimization of sonication treatment process demonstrate the importance 
of many parameters (i.e. ultrasound frequency, ultrasound amplitude, temperature process, 
immersion level of the ultrasound probe into the liquid, type of bubbling gas) for the 
hydrophobic contaminants degradation. However, these parameters are depending on each 
type of sonication system; a few general conclusions were noticed: 
 The low ultrasound frequency is effective method for hydrophobic contaminants 
degradation. 
 The deep level of the ultrasound probe immersion into the liquid is highly effective 
with sonication simultaneously with relatively small gas bubbles. 
 In the treatment of saturated free fatty acids with three different procedures, the 
mass degradation rate obtained with the sonication simultaneously with argon 
bubbles was higher than that obtained with sonication only and sonication 
simultaneously with ozone bubbles. 
Due to the insolubility in water properties and hard degradable character of saturated free 
fatty acids, a high degradation rate by sonication simultaneously with argon bubbles was 
improved. These results can be used for pro ecological methods in grease trap purification 
and be applied effectively as well as biological method and gravity separation method in 
grease trap devices. Moreover, the investigation about grease trap purification is easy to 
hold at the same time with laboratory scale and industrial scale, such as was studied in this 
paper. The treatment contaminants concentration and the reactor size were carried on the 
industrial scale. In addition, cooling system is easy to apply by use the cold tap water. 
Hence, only investigation on the flow-reactor type must be done to the full-scale industrial 
application. 
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4. OZONE TRANSFORMATION UNDER ULTRASOUND WITH 
SPECIAL EMPHASIS ON DEGRADATION OF FREE FATTY 
ACIDS 
4.1. Introduction 
The subject of this part of study was investigation on ozone transformation into liquid 
medium and comparative analysis of influences of ultrasound irradiation and presence of 
contaminants (resistance on oxidation and highly oxidative) in the solution. Highly 
oxidative compounds are easily reacting with ozone, such as double bonds, activated 
aromatic compounds, deprotonated amines and sulphide. On the other hand, by the *OH 
radicals can react with contaminants (indirect reaction) and act as a promoter or as a 
scavenger (for contaminants resistance on oxidation). As ozone is lethal to humans with 
prolonged exposure time at concentrations above 5 ppm. However, as ozone is readily 
detectable by human smell at 0.01 to 0.05 ppm concentration in air, it is quite safe to use 
ozone concentration at maximum level of ~1 g/m
3
 (~500 ppm) for a short exposure time 
(maximum 5 min) - temporary toxic region (see Figure 4.1). To use ozone at higher 
concentration, it could have a serious impact on human health even at very short exposure 
time. Hence, when ozone is used properly, ensure that human’s work environment is safe. 
Free fatty acids treatment process was carried out in previous part of this study with safe 
to human (short exposure time) ozone concentration 0.74 g/m
3
 (chapter 2) and with quite 
safe maximum (short exposure time) of ozone concentration 1.1 g/m
3
. However, it is 
strongly recommended to investigate ozone transfer under lower and higher value than 
maximum safety concentration.  
This chapter is continuation and extension of previous chapters. 
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Figure 4.1. Toxicity of ozone to humans
 (59)
.  
4.1.1.  Ozone Solubility in Aqueous Medium 
The most common ozone solubilities have been expressed in three forms
 (60)
: 
 Bunsen coefficients β – where β is defined as the volume of ozone at normal 
temperature and pressure (20 °C, 1 atm) dissolved per volume of water when the 
partial pressure of ozone in the gas phase is one atmosphere. 
 the Henry’s Law parameter He - for the relation p = He m, where p is the ozone 
gas pressure in atmospheres and m is the aqueous ozone concentration in 
mol/cm
3
, 
 the solubility ratio S – where S is the ratio of the solution concentration of ozone 
Caq. to the gas concentration Cg, both expressed in the same units. 
The parameter S was chosen for analyze of data in this study, principally because 
following the literature
 (60)
, it is the most directly related to the experimental analytical data. 
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4.1.2.  Ozonation Under Ultrasound Irradiation with Low and High Ultrasound 
Frequency  
Weavers et al.
 (61)
 studied the degradation of different aromatic compounds such as 
nitrobenzene, 4-nitro-phenol and 4-chlorophenol using hybrid US/O3 treatment method 
under two different (500 kHz and 20 kHz) ultrasound frequency. It was reported that the 
synergism between the techniques is observed only at lower frequency, i.e. 20 kHz with 
the rates for the hybrid technique for nitrobenzene, 4-nitrophenol and 4-chlorophenol being 
109 %, 68 % and 46 % higher than the addition of rates of individual techniques, 
respectively. At 500 kHz operation, however, the rates for the hybrid technique were 
greater than the individual technique but less than the addition of individual rates. This 
may be attributed to the fact that the rate of free radical generation due to sonication alone 
will be much higher at 500 kHz as compared to 20 kHz (also confirmed by the fact that the 
rates of degradation at 500 kHz are higher as compared to 20 kHz), thereby any additional 
increase in the number of free radicals will lead to the enhanced recombination of free 
radicals and hence the degradation rates will be somewhat lower. Weavers et al.
 (62)
 have 
also obtained similar results with degradation of pentachlorophenol (rate constant for the 
combined technique was 20 % more than the addition of rate constants for individual 
techniques at 20 kHz operation but was 21 % less at 500 kHz irradiating frequency). The 
observed results can also be explained based on bubble dynamics simulations
 (42)
. At higher 
frequencies the bubble collapse is significantly faster as compared to lower frequencies, 
hence the time available for the ozone molecule to diffuse into the cavitating bubbles for 
the dissociation reaction to occur will be substantially lower thereby reducing the 
generation of free radicals due to ozone degradation. At higher frequencies (particularly in 
the range of 200–600 kHz, where the rates of sonochemical degradation are much higher 
as compared to lower frequencies
 (63; 64)
), it may be worthwhile to perform studies with 
76 
 
range of ozone concentration to check whether an optimum concentration exists, where 
synergism is observed. Kang et al.
 (64)
 have indeed reported that the rate of degradation of 
methyl tert-butyl ether (initial concentration of 0.01 mM) at 205 kHz operating frequency 
for the combination technique increased with an increase in the ozone concentration (in the 
range 0.01–0.2 mM) and then decreased when concentration of ozone was increased to 0.3 
mM. It should be noted that the optimum concentration of ozone would be strongly 
dependent on the operating frequency of irradiation, power dissipation and reactor 
configuration (deciding how efficient is the ozone counter diffusion into cavitating bubbles, 
which also depends on the type of ozone dosage, i.e. continuous bubbling or initial 
saturation) as well as the initial concentration of the pollutant. 
4.2. Materials and Experimental Setup 
Sodium carbonate monohydrate and luminol(aminophthalhydrazide) were purchased 
from Sigma Aldrich (USA). The Ozone AccuVac Ampuls with indigo were purchased from 
Hach (USA). Purified oxygen and nitrogen were purchased from Iwatani (Japan). Purified 
water (conductivity ≤ 0.1 mS/m) purchased from Takasugi-Seiyaku (Japan) was used for 
all experiments. 
Experimental setup was consisted of sonication system, ozonation system and reaction 
systems (see Figure 4.2). 
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Figure 4.2. Reaction setups: type A (left), type B (right). 
Reaction system type A shown in Figure 4.2 was made up of three-necks angled round-
bottom glass flask (0.2 l) batch reactor. In the central neck of the flask, the ultrasonic probe 
connected with flask by silicon tube was placed. Ultrasonic probe was immersed 2.5 cm 
into a sample and 1.5 cm from the middle of bottom flask. In the side neck of the flask the 
gas inlet (teflon pipe) and temperature probe (K type thermocouple connected with 
Graphtec midi Logger GL200A for collecting data) was installed. Thermocouple probe was 
immersed at the half height of the sample. Air bubbles and ozone bubbles was generated by 
teflon pipe (in Ø 0.1 cm) in the middle of bottom flask. The gas outlet was introduced from 
the top of silicon tube through the condenser and finally to ozone monitor. Water in the 
condenser was kept at 5 °C by Eyela Coolace CCA-1100 (Tokyo Rikakikai, Japan), which 
removed vapor from the gas phase. 
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Figure 4.3. Reaction setup type B with various configurations. 
Reaction system type B shown in Figure 4.2 was made up of glass tubular batch reactor 
(22 cm length, Ø 3.3 cm). In the central, from the top of the reactor, the ultrasonic probe 
connected with the reactor by silicon tube was placed. In the bottom of the reactor in the 
blank silicon plug, the temperature probe (K type thermocouple connected with Graphtec 
midi Logger GL200A) and stainless cylindrical gas filter (Flowell, Japan, Ø 1.2 cm with 2 
µm pore size) was installed. In the experiments with simultaneous bubbling, small gas 
bubbles were generated by 2 µm pore size of the stainless filter with various configuration, 
shown in Figure 4.3: 
B1 – with gas filter install on the surface of reactor bottom, with deep probe 
immersion level into a liquid 10 cm, 
B2 – with gas filter install inside the reactor bottom, with deep probe immersion 
level into a liquid 10 cm, 
B3 – with gas filter install on the surface of reactor bottom, with low probe 
immersion level into a liquid 2.5 cm, 
B4 – with gas filter install inside the reactor bottom, with low probe immersion level 
into a liquid 2.5 cm. 
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The gas outlet was introduced from the top of silicon tube through the condenser. Water in 
the condenser was kept at 5 °C by EYELA Coolace CCA-1100 (Tokyo Rikakikai, Japan), 
which removed vapor from the gas phase and turned back to the reactor. The reactor was 
located in the tubular cooling water bath (25 cm length, Ø 12 cm) with cooling water at 
20 °C by RKS-400S-C (Orion, Japan). 
4.2.1.  Sonication System 
Sonication system was consisted of the Ultrasonic Processor VC-505 (Sonics, USA) 
and piezoelectric lead zirconate titanate crystals transducer (PZT) connected with titanium 
alloy (Ti-6Al-4V) probe with extender (Ø 1.3 cm). The ultrasonic power supply converts 
50/60 Hz voltage to high frequency electrical energy at constant value of 20 kHz and 
controls the ultrasound amplitude ζ at the probe. Electrical power delivered to the 
transducer PDT was measured by the Ultrasonic Processor and data were collected by 
Graphtec midi Logger GL200A. Air pump (Yasunaga, Japan) was used as a cooling 
device for transducer. 
4.2.2.  Ozonation System 
Ozone was generated by dielectric-barrier discharge ozone generator Sensui AS-500SS 
(Ohnit, Japan) from mixture gas (N2:O2 4:1 w/w) with flow controlled by digital mass flow 
controller (Yamatake CMQ, Japan) under atmospheric pressure. The ozone gas 
concentration was measured by ozone UV monitors (Ebara Jitsugyo, EG-2001B, EG-3000 
and Model-600 G6SHE-T, Japan connected with Graphtec Midi Logger GL200A for 
collecting data) on the inlet and outlet of reaction system. Residual ozone was decomposed 
by the ozone destructor (activated carbon) (Figure 4.4). 
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Figure 4.4. Ozonation system. 
4.3. Measurement methods 
4.3.1.  Indigo Method 
Ozone concentration in the liquid phase was measured by indigo method (Hach Method 
no. 8311, AccuVac Ampuls from 0 to 0.25 mg/l O3 and from 0 to 0.75 mg/l O3 in high 
ozone concentration) at 600 nm by spectrophotometer (Hach DR/4000U, USA) (Figure 
4.5). The estimated detection limit is 0.011 mgO3/l. Immediately after each 30 min of 
ozonation procedure, at least 40 ml of sample (ozonated water) in a baker (50 ml) was 
collected. The Indigo Ozone Reagent AccuVac Ampuls was filled, one with the sample 
(ozonated water) and second as a blank sample, with pure water (non-ozonated water). 
Directly afterwards, the samples were measured by spectrophotometer.  
 
Figure 4.5. Spectrophotometer. 
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4.3.2. Sonochemiluminescence (SCL) 
The sonochemically active zone in the reactor was imaged by SCL method, under 
various processes: sonication only, sonication simultaneously with argon bubbles, 
sonication simultaneously with ozone bubbles and ozone bubbling only. A luminol 
solution containing 0.1 g/l luminol and 0.5 g/l sodium carbonate in purified water was 
used. 
Under ultrasound irradiation, luminol molecules react with *OH radicals generated from 
sonolysis of water molecules, transform to excited-state fluorescing 3-aminophthalate (3-
APA), and then stabilize as 3-APA through emitting visible light called SCL (Figure 4.6). 
Because this reaction is related to OH radicals or other oxidizing radicals species 
generated by ultrasonic cavitation phenomena or ozone itself, the brighter regions indicate 
the active zones
 (51)
. 
 
Figure 4.6. Sonochemiluminescence reaction. 
The SCL was recorded for an exposure time of 30 s, the f-number was 20, and the ISO 
setting was Hi1.0, by using a digital camera (D90, Nikon, Japan) with lens (AF MICRO 
1:1, 90mm 1:2.8, Tamaron, Japan) in the dark room. The distance between the reactor 
and digital camera was 60 cm. The luminol solution was refreshed after one shot was 
taken. 
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4.4. Ozone Transformation 
The solubility ratio S at reactor type A (Table 4.1) is lower than data presented by Morris
 
(60)
. The ratio S is also depended on pH besides the temperature. However, at acid pH 
solubility ratio is higher compared to alkaline pH, but according to Mizuno and Tsuno 
study
 (65)
, the data presented by Morris is must be measured under high acid pH (≤ 4.0).  
Table 4.1. Ozone concentration in gas CO3(g) and liquid phase CO3(aq.)(O3), ozone 
consumption ΔCO3(g)(O3) (totalCO3(g) - outCO3(g)) and solubility ratio S (CO3(aq.)/ inCO3(g)) 
during 30 min saturation in 100ml purified water (pH 5.8). 
reactor 
gas 
flow 
l/min 
inCO3(g) 
mg/l(g) 
total 
CO3(g) 
mg 
ΔCO3(g)(O3) 
mg 
CO3(aq.)(O3) 
mg/l(aq.) 
S 
at 20 °C at °C*
 
at 20 °C at °C* at 20 °C at °C*
 
type A 1.5 0.74±0,06 33.3 0.45 1.35 0.15±0,013 0.03±0,011
 0.202 0.041 
type B 
(B2, B4) 
0.1 
0.5±0,04 1.5 0.15 0.21 0.12±0,015 0.051±0,013 0.240 0.102 
1.1±0,08 3.3 0.30 0.66 0.23±0,020 0.099±0,009 0.209 0.090 
1.5±0,09 4.5 0.36 0.87 0.28±0,014 0.129±0,010 0.187 0.086 
* the temperature in reactor type A was kept at ~72 °C, in reactor type B was kept at ~50 °C. 
 
According to Mizuno and Tsuno study
 (65)
, during low ozone concentration saturation at 
pH 5.7, the ozone solubility S is slightly higher, compare to saturation with high ozone 
concentration, at each temperature range. The data in Table 4.1 correspond with it.  
The total mass value of ozone in gas phase during ozonation in reactor type A is an order 
of magnitude higher than during ozonation in reactor type B.  
Total gas volume during gas saturation in reactor type A (45 liter) is 15-fold higher than 
during gas saturation in reactor type B (3 liter). By using reactor type B with low flow rate, 
gas consumption is can be reduced with simultaneously rising treatment efficiency.  
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Table 4.2. Ozone concentration in gas CO3(g) and liquid phase CO3(aq.)(US/O3), ozone 
consumption ΔCO3(g)(US/O3) (totalCO3(g) - outCO3(g)) and different between ozone 
consumption during US/O3 and O3 only ΔCO3(g)( US/O3) - ΔCO3(g)( O3)  during 30 min 
saturation in 100ml purified water (pH 5.8) under ultrasound irradiation. 
reactor 
gas 
flow 
l/min 
inCO3(g) 
mg/l(g) 
total CO3(g) 
mg 
ΔCO3(g )(US/O3) 
mg 
CO3(aq.)(US/O3)
mg/l(aq.) at °C* 
ΔCO3(g)( US/O3) - 
ΔCO3(g)( O3) 
mg 
type A 1.5 0.74±0,05 33.3 1.80 - ** 0.45 
type B4 0.1 
0.5±0,04 1.5 0.57 - ** 0.36 
1.1±0,07 3.3 1.01 - ** 0.35 
1.5±0,06 4.5 1.20 - ** 0.33 
type B2 0.1 
0.5±0,04 1.5 0.87 - ** 0.66 
1.1±0,07 3.3 1.32 - ** 0.66 
1.5±0,06 4.5 1.56 - ** 0.69 
* the temperature in reactor type A was noticed at ~72 °C (see Figure 2.12), and in reactors type B 
was noticed at ~50 °C (see Figure 3.12a). 
** the value below detection limit (Hach Method no.8311). 
 
Under ultrasound irradiation, the ozone concentration in liquid phase was not detected 
during all US/O3 processes (see Table 4.2).  
It can be seen from Table 4.2 that the ozone consumption during sonication 
(ΔCO3(g)( US/O3) - ΔCO3(g)( O3)) was not depended on ozone concentration in gas phase, 
rather depend on ultrasonic power and saturated gas flow rate. Moreover, the ultrasonic 
probe immersion level into a liquid has significant impact on ozone consumption (i.e. 
ozone self-degradation + ozone transformation to radicals + ozone absorption in liquid 
phase). As it shown in Table 4.2, in reactor B2 (with deep probe immersion level into a 
liquid 10 cm) the value of ΔCO3(g)( US/O3) - ΔCO3(g)( O3) rose two times, compare to 
process in reactor B4 (with low probe immersion level into a liquid 2.5 cm).  
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Based on results from previous research (chapters 2 and 3), hybrid US/O3 treatment 
method efficacy was investigated (Table 4.3). 
 Table 4.3. Hybrid US/O3 treatment process of free fatty acids: ozone consumption during 
fatty acids treatment ΔCO3(g)(US/O3)F.A., influence of contaminants on ozone 
consumption ΔCO3(g)(US/O3)F.A. - ΔCO3(g )(US/O3) during 30 min in 100ml purified water 
with 0.5 g F.A. under ultrasound irradiation. 
treatment 
conditions 
fatty 
acids 
ΔmF.A.(US/O3)* ΔCO3(g)(US/O3)F.A.** ΔCO3(g)(US/O3)F.A. - 
ΔCO3(g )(US/O3)  
% g % mg 
1.1 mgO3/l 
0.1 l/min 
reactor B2 
stearic 40 0.20 17 0.561 - 0.759 
palmitic 42 0.21 12 0.396 - 0.924 
0.74 mgO3/l 
1.5 l/min 
reactor A  
stearic 26.3 0.130 5 1.665 - 0.135 
palmitic 8.2 0.040 4 1.332 - 0.468 
linoleic 69.2 0.347 97 32.301 30.501 
oleic 69.3 0.346 72 23,976 22.18 
* average value: for reactor A (see Table 2.3), for reactor B2 (see Figure 3.18). 
** 100% in reactor A is 33.3 mg(g)O3, 100% in reactor B2 is 3.3 mg(g)O3. 
 
The influence of contaminants on ozone consumption rate during US/O3 treatment 
method of saturated fatty acids was noticed (Table 4.3). Minus value of ΔCO3(g)(US/O3)F.A. 
- ΔCO3(g )(US/O3) for saturated fatty acids treatment process are proved negative impact of 
compounds (resistance on oxidation) to ozone transfer under ultrasound irradiation. The 
unsaturated fatty acids (highly oxidative) definitely increase ozone consumption during 
hybrid US/O3 treatment process. 
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4.5. Sonochemiluminescence in the various reactor configurations 
 
 
Figure 4.7. Sonochemiluminescence in the reactor type A (top photos) and type B 
(down photos). Photos are original, without software manipulations. Bar scale 1cm. 
A series of photos were taken for the visualization of the sonochemically active zone in 
the various reactor configurations (type A, B1, B2, B3, B4). Influence of reactor 
configuration (i.e. level of US probe immersion into the liquid, stainless gas filter location) 
and gas flow rate were investigated.  
In Figure 4.7 is clearly shown a typical conical shape (at low ultrasound frequency) of 
the greatest sonochemically active zone at the end of ultrasonic probe. The clear conical 
shape of the main cavitation stream is directed vertically down, even is close (1.5 cm) to 
the bottom of reaction chamber (Figure 4.7 top photo).  
As shown in Figure 4.8, with air bubbles flow 0.5 l/min, the conical shape of SCL 
active zone is smaller compared to sonication process only and sonication simultaneously 
with low bubbles flow (0.1 l/min). Due to disruption by saturated bubbles with high air 
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flow rate 0.5 l/min, the side cavitation phenomena is less visible and rather blur, compare 
to sonication with low flow rate. Hence, sonication simultaneously with low flow rate at 
0.1 l/min is highly effective method to diffuse gas into the water with a minimum 
disruption on sonochemcally active zone, such as conical shaped main cavitation stream 
and side cavitation zones. However, air which contain oxygen, is can increase production 
of radicals under ultrasound irradiation (as was described in previous chapter) which in 
effect is gave stronger light emission (especially side cavitation active zone) under 
sonication simultaneously with low air flow 0.1 l/min, compare to US process alone. 
 
 
Figure 4.8. SCL in reactor type B1 under: sonication only US, sonication simultaneously 
with air bubbles at flow rate 0.1 l/min and 0.5 l/min. Images were manipulated using a 
brightness and contrast effect on Microsoft Office Picture Manager Software to sharpen 
the intensity of the SCL. Bar scale 1cm. 
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Ozone bubbling with different concentration and flow rate were presented in Figure 4.9. 
The source of blue luminescence light is come from strong direct reaction of ozone and 
luminol. Hence, luminescence from radicals reaction is dimed by ozone high reactivity 
with luminol. Light emission as it is seen, is simply depend on ozone concentration and gas 
flow rate. However, type of gas diffusion is an important factor on gas bubbling under 
ultrasound irradiation. During sonication simultaneously with ozone bubbles in reactor 
type B1 (with deep US probe immersion level), the SCL is the most intensive close to 
ozone diffusing area and make dense cloud surrounded the top of stainless filter. Compare 
to US/O3 in reactor type B2 (described on previous chapter, Figure 3.16) intensive SCL 
active zone is less dispersed in the bottom of the reactor. In reactor type B1, where gas 
filter was installed on the surface of reactor bottom, is can be seen the SCL pointwise 
active zone, especially well visible on the side of gas filter. Due to the surface tension and 
pressure of column of water, even small gas bubble are generated by 2 µm pore size, is 
observed coalescence process, where two or more bubbles merge during contact to form a 
single bigger bubble. That single big ozone bubble we can observe as a SCL pointwise 
active zone. Even in reactor with gas filter install inside the reactor bottom, coalescence 
phenomena have taken place. Hence, diffusing gas into a liquid, higher than normal 
pressure is recommended. During the diffusing gas bubble into a liquid medium (such as 
argon) under higher pressure, less energy will be use to disperse these gas bubbles, and 
what more, less disruption of cavitation phenomena will occur. However, ozone cannot be 
compress, due to its high reactivity, and must be saturated under normal pressure.  
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Figure 4.9. SCL in reactor type B1 under ozonation process only (O3 only) and 
under sonication simultaneously with ozonation (O3 + US), under high and low 
ozone concentration and flow rate. Photos are original, without software 
manipulations. Bar scale 1cm. 
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5. CONCLUSIONS 
The data reported in this study indicate that, hybrid AOPs sonication simultaneously 
with argon bubbles is highly efficacy method to generate *OH radicals by using electric 
power and noble gas only, making them one of the top environmental-friendly methods in 
wastewater treatment. This method even can be an alternative to hybrid AOP sonication 
with hydrogen peroxide 
(27)
 which also is the highest efficacy method to generate hydroxyl 
radicals, however, by using hazard chemical (H2O2).  
By dosing specified gases (or catalysts) under ultrasound irradiation, it is possible to 
control generation of a specific type of radicals, which those specific radicals are suitable 
for degradation of a variety of water contaminants. For example, sonication simultaneously 
with argon (monatomic gas) will generate larger amount of hydroxyl radicals than other 
radicals, while sonication simultaneously with oxygen (diatomic gas) will generate larger 
amount of hydrogen peroxide and other oxyradicals than *OH radicals. Moreover, base on 
each gases thermal conductivities and solubility in water; it is possible to manipulate (in 
some way) the temperature inside the cavities. For example, Ar which have lower than O2 
thermal conductivity and lower solubility in water, is given higher pyrolytic effect (higher 
temperature and pressure) than oxygen under ultrasound irradiation at low ultrasound 
frequency. 
The final effect of contaminants degradation is strictly depending on contaminants 
properties. For instance, David et al.
 (66)
 reported that while the mechanism of destruction 
for chloropropham (herbicides with low solubility in water and it is resistant to hydrolysis 
and oxidation) was pyrolytic decomposition inside the cavities, 3-chloroaniline was 
destroyed mainly by radical mechanisms and oxidative degradation in the solution bulk. 
Hua and Hoffmann
 (67)
 have clearly illustrated this fact using experimentation with CCl4 
degradation (the main mechanism of destruction is pyrolysis) and showed that addition of 
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ozone to the sonicated solution does not significantly affect the rate of degradation of CCl4. 
That is why, the treatment by sonication simultaneously with argon is more efficacies than 
sonication simultaneously with ozone for saturated fatty acids (compounds resistant to 
oxidation), while sonication simultaneously with ozone is highly effective for unsaturated 
fatty acids decomposition (highly oxidative compounds).  
A one of the disadvantage of US treatment method after long time operation is 
corrosion damage of the titanium alloy (Ti-6Al-4V) ultrasound probe. By energy 
dispersive X-ray fluorescence (EDX) spectrometer (Rayny EDX-800HS2, Shimadzu, 
Japan) the Ti high concentration were determined in water solution after long operation of 
ultrasound device However, the titanium emission to the wastewater is not the main 
problem, while Ti is an excellent catalyst for oxidative degradation of contaminants. When 
the ultrasound probe is damaged by corrosion, more energy enters the system but less 
energy is brought into a liquid. Obviously, the corroded probe dissipates energy in a 
vibration of the coupled reactor and less energy can be brought into a fluid
 (43)
. 
The second disadvantage of one of the top environmental-friendly treatment method is 
quite high power consumption, due to high power consumption by ultrasound generator. 
During fatty acids treatment process by sonication simultaneously with gas bubbles flow 
rate 0.1 l/min and deep US probe immersion into a liquid, 0.0725 kWh was consumed. 
However, due to the highly progress under developing alternative to fossil fuel source of 
energy, such as photovoltaic power generation, geothermal energy and other renewable 
source of energy in the not too distant future, or cold fusion (witch rather at some future 
data) will meet to energy requirements for rising industrial demand. Moreover, interesting 
solution in the food-preparing area (restaurant and household kitchens) where incredibly 
high amount of energy is wasted as heat, is the thermoelectric power generator
 (68)
.  
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5.1. The Grease Trap Proposal  
The final goal of this thesis was to develop a new alternative solution for wastewater 
treatment with special emphasis on free fatty acids. Figure 5.1 and Figure 5.2 shown 
schematic proposal of new grease trap device, based on US/Ar treatment method.  As a 
single-unit-treatment it can be use in the household wastewater treatment application or in 
the industry with high concentration of hydrophobic contaminants. In other case it is 
should be combine with grease trap based on gravity separation or biological treatment 
method, as a pretreatment unit or after treatment unit which is can be used in case of grease 
trap over-flow during “busy hours” in restaurant (13) and food processing industry plants. 
Moreover, as a single-unit-treatment with medium wastewater flow (which contain high 
concentration of easy-oxidizing contaminants) it is can be use with ozonation treatment by 
placed additional gas filter in the bottom of small pipe (connected with wastewater outlet).  
92 
 
ultrasonic 
probe
gas inlet
power
supply
gas filter
Ar
transducer
chamber
cooling 
water inlet
cooling 
water outlet
cold water line
 
Figure 5.1. Schematic vertical cross-section of grease trap device for US/Ar treatment 
method proposal. 
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Figure 5.2. Schematic horizontal cross-section of grease trap device for US/Ar treatment 
method proposal. 
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